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ABSTRACT

This thesis presents the initial results from climateprediction.net’s paleo-experiments.
A grand ensemble of paleo-climate models was successfully designed and executed us-
ing this distributed computing approach. The physical parameters, initial conditions
and boundary conditions were perturbed in two sets of experiments distributed to
the general public. The paleo - focus period is the mid-Holocene, i.e. ~6000 years
before present (6kyBP), due to its relative climatic stability and the abundance of
geological evidence. Attempting to simulate climates that were substantially different
from today provides an opportunity to evaluate model skill. A set of robust 6kyBP
climatological features were established to benchmark the climate model against in
order to assess the model’s abilities.

Two experiments were distributed: in the first experiment the boundary conditions
in the 6kyBP models took on the standard Paleoclimate Modelling Intercomparison
Project (PMIP) values with altered orbital configuration as the main forcing on the
climate. In a second experiment the local boundary conditions in Eastern North
America (ENA) were also perturbed in the 6kyBP models to include an expanded
Hudson Bay and land ice. The results highlight strengths and weaknesses in the
model and stresses the importance of high quality paleo-observations.

The models simulate the broad-scale features of the mid-Holocene climate reasonably
well, though the model performance decreases when the benchmarks are inspected
more closely. A relationship between the climate sensitivity, i.e. the equilibrium tem-
perature response to doubling of pre-industrial CO, concentrations, and the 6kyBP
East Asian monsoonal moisture budget is found. This provides a climate sensitivity
range of 2.5-6.1°C.

The ENA boundary condition experiment concludes that the perturbations brought
the climate models to a closer agreement with the geological records.

A sensitivity experiment perturbing the North African vegetation cover emphasises
the importance of vegetation feedbacks in relation to the 6kyBP northwards expansion
of the monsoon.
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CHAPTER 1

Introduction

1.1 Project definition and motivation

Climate modelling is key to predicting future climates and to understand mechanisms
of climatic change. It is required that such models are thoroughly tested to assess our
confidence in their abilities, and to identify model aspects in need of improvement.
Records of past climates provide a unique testing ground for climate models, including
model response skill to changes in forcing. Most current General Circulation Models
(GCMs) are capable of simulating the broad-scale patterns of the present day cli-
mate correctly. This does not necessarily mean that the models are able to simulate
future climates, however. Paleo-climates do not provide a direct analogue for future
climates, but do include a number of periods where the climatic changes relative to
present day were as large as potential future changes due to an increase in greenhouse
gases (Crowley and North, 1991). Paleo-model comparisons with geological evidence
provide an objective measure of model robustness to such large changes in climate.
This is why frameworks like PMIP (Paleoclimate Modelling Intercomparison Project),
Palaeco-QUMP (Quantifying Uncertainties in Model Prediction) and this project are

of importance.
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Even if, according to the IPCC (Covey et al., 2001), our confidence in the models’
ability to predict future change has improved, there are still discrepancies between
observations and model results and uncertainties related to the fundamental aspects
of the parametrisation schemes and representation of feedbacks. It is necessary to
evaluate how reliable the models are and whether the complexity levels are sufficient

to represent the possible range of climatic responses to changes in forcing.

This project involves exploring model response to forcing. A forcing can be explained
as something that perturbs the radiative equilibrium of the climate system. Forcing
mechanisms of the climate system can be divided into two groups: internal and ex-
ternal. External causes mean that the climate is being forced by factors outside of
the system, such as the Milankovitch Cycle, as explained in Section 3.4.1. The con-
centrations of green house gases, GHGs, such as carbon dioxide and methane, change
following the ice ages. On long timescales, of e.g. 10,000 years, this is an internal
forcing mechanism. On shorter time scales, however, of say 20 years, this forcing be-
comes external because small changes in climate have a minimal effect on e.g. fossil
fuel burning. Climate forcings are further described in Chapter 3. In this project
we are trying to improve our understanding of the mechanisms of climate change by
examining such changes in the past. We are aiming to provide a framework for the
evaluation of the climate models to see if they are able to simulate climates that were
different from today. This will improve our confidence in the models’ projections for

future climates.

Climate sensitivity can be defined in several ways, here it is defined as the equilibrium
temperature response to doubling of pre-industrial carbon dioxide concentrations and
it offers a simple metric of global warming. The estimates of climate sensitivity have
been centred on 1.5-4.5K since the earliest studies and it persists in the latest IPCC

(Intergovernmental Panel on Climate Change) assessment, with a best estimate of 3K
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(Solomon et al., 2007) (Figure 1.1). The concept of climate sensitivity is a useful
metric translating atmospheric COy concentrations to warming. There are funda-
mental difficulties in ruling out the higher values of climate sensitivity due to the
uncertainties in forcing and the physics of the response. Climate sensitivity is de-
pendent on many parameters mainly in relation to atmospheric processes. Different
sensitivities in the GCMs can be obtained by perturbing the atmospheric parame-
ters, as seen in e.g. Stainforth et al. (2005) and Murphy et al. (2004). The large
uncertainty in the estimates of climate sensitivity poses a problem when attempting
to plan for and adapt to future changes in the climate. This motivates our efforts to

attempt to constrain the estimates of sensitivity.

A lot of the work on constraining sensitivity using the past has been done with simple
climate models (see Edwards et al. (2008) for a review of this work). A lot of the
sensitivity studies have focused on the Last Glacial Maximum due to the large climate
signal. It is easy to read too much information into such results and there is a need
to redo the work with more complex GCMs. By looking at more data and the data in
more detail alongside more complex models we get a more complicated picture and

there is a less obvious constraint on sensitivity from the geological past.

It is important that we understand the complex climate models as they are being
used for the prediction of future climates and to advise policy makers. If important
decisions are being made on the grounds of GCM results, it is vital that we improve
our understanding of their behaviour and establish how confident we are about the
model results. Changing the forcing in a widely used GCM and testing output against

paleo—observations provides one way to achieve such improvement.

Any GCM is only as good as the boundary conditions that are imposed on it. These

include sea—surface temperatures (SSTs), carbon dioxide concentrations, land — sea
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Figure 1.1: Climate sensitivity estimates based on constraints from modern climatic data
(from Edwards et al. (2008)). Three bins are shown here: direct inference of climate sen-
sitivity from data, climate sensitivity ensembles and perturbed physics ensembles. Wigley
et al. (2005) used data from three volcanic eruptions. Three of the perturbed physics sensi-
tivity estimates are based on climateprediction.net data and all four of the perturbed physics
ensembles use the same GCM and may be influenced by biases in the underlying model.
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mask, surface albedo, land surface properties and orbital variations, i.e. the limits
within which the climate system operates. In this project the boundary conditions
are perturbed. The principle of perturbing boundary conditions is to keep the con-
ditions as realistic as possible and to omit key elements to see which are important.
In the first experiment the boundary condition perturbation is based on proxy re-
constructions of past conditions. A subsequent experiment entails an unrealistically

large perturbation to investigate feedbacks in the climate system.

1.2 The mid-Holocene

In this study the models are tested under the mid-Holocene conditions, i.e. those of
~6000 years before present (6kyBP). The experiment is designed to test the model
response to changes in insolation: a seasonal and latitudinal redistribution of the
incoming solar radiation at the top of the atmosphere due to the orbital cyclicity
(Berger, 1978). The Holocene, the last ~10,000 years, is marked by a relative cli-
matic stability compared to the preceding glacial period which featured fast and large
transitions between warm and cold conditions. The mid-Holocene is an attractive pe-
riod to try to model because several of the boundary conditions (e.g. orbital forcing,
sea level, trace gas concentrations and land ice extensions) are known through paleo-
observations. Another factor that makes this period appealing from a modelling point
of view, is that the atmospheric trace gas levels stabilised to pre-industrial levels dur-

ing the early Holocene.

The mid-Holocene was chosen as one of the PMIP (see Section 1.3.1) focus periods
due to the abundance of available paleo-data giving evidence of regional climates sig-
nificantly different from today (Wright et al., 1993). The external forcing from orbital

changes can be accurately prescribed and global quality controlled data synthesis are
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available, e.g. the BIOME 6000 pollen and macro-fossil data records and the Global
Lake Status Data Base (Harrison, 1989). Regional 6kyBP climatic features can be
deduced from a wide range of geological records, both biotic and abiotic (Qin et al.,
1998). It is a period of paleo-data abundance with well — dated records yielding
information on regional to global scale climatic features. The mid-Holocene climate

is further described in Chapter 4.

The attempt to simulate the geological past allows us to evaluate model responses
to climatic changes. The aim is to compare the climate response of a GCM ensem-
ble to paleo-data to discriminate, where possible, between realistic and unrealistic
responses. Attempting to simulate climates that were substantially different from

today provides an opportunity to evaluate model skill.

1.3 Related research

1.3.1 The Paleoclimate Modelling Intercomparison Project

The most comprehensive attempt to compare climate models with paleo—data is the
Paleoclimate Modelling Intercomparison Project. It is a long standing initiative co-
ordinating paleo-climate modelling activities. Their work form an essential backdrop
to the work presented in this thesis. As for my project, PMIP seeks to investigate
mechanisms of climatic change, the GCMs ability to simulate climates different from
today and to identify feedback mechanisms of the climate system (Braconnot and
Harrison, 2008). PMIP has made significant contributions to the last IPCC assess-
ment reports promoting the understanding of past climate changes as a necessity for

predictions of future change.

Nineteen modelling groups part—took in the PMIP mid-Holocene experiments. The
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boundary conditions were identical in all the GCMs used and deliberately simple.
The SSTs and land surface conditions were kept at present day conditions due to
the lack of comprehensive data (Valdes, 2000). Harrison et al. (1998) presented some
PMIP results regarding model predicted 6kyBP vegetation changes and Joussaume
et al. (1999) published a global summary of 6kyBP climatic changes. More than
100 PMIP related articles have been published over the years. Each of the 18 PMIP
models were simulated with the following equilibrium phases; one with present-day
forcing, and one phase with mid-Holocene orbital configuration (Joussaume et al.,

1999).

PMIP also defined a second experiment focusing on the Last Glacial Maximum
(LGM), i.e. ~21kyBP. This period was chosen to be omitted for this project due
to the more extensive boundary condition changes needed for this type of experiment
and these are associated with more uncertainties than for 6kyBP. It would have been
rather time consuming to incorporate these changes into the climateprediction.net
distribution package. It is also not ideal to use a slab model, as used in this project,
for the LGM simulations, as it has been found that this poses a rather large constraint
on the model simulations (Valdes, 2000). The slab model is a simplified ocean model
consisting only of a thin mixed layer mimicking the upper oceanic heat transport and

is described in Section 3.3.

The PMIP project has developed from the first phase, where atmosphere—only GCMs
were used, into a second phase launched in 2002 using fully coupled atmosphere-ocean
models and some simulations with atmosphere—ocean—vegetation models. The second
phase is hence able to address the importance of the various feedbacks through these

dynamically coupled GCMs (Harrison et al., 2002; Crucifix et al., 2005).

PMIP is currently developing an interest in new focus periods like the early Holocene
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and the last glacial inception. Additionally the project is developing new forward
modelling techniques based on paleo—data for the use in model evaluation and is en-
couraging the paleo—observation community to collect new data syntheses, especially
of high resolution indicators (Braconnot and Harrison, 2008). Furthermore PMIP has
developed a “Science and Implementation Plan” preparing for the next IPCC report.

(The outline of the plan is available on the PMIP2 website http://pmip2.lsce.ipsl.fr/).

1.3.2 QUEST PalaecoQUMP

PalacoQUMP (Quantifying Uncertainties in Model Prediction) is a QUEST (Quan-
tifying and Understanding the Earth System) initiative aiming to constrain climate
sensitivity using the geological past. The focus periods are again the LGM and the
mid-Holocene. PalaecoQUMP is a continuation of the QUMP (Quantifying Uncer-
tainties in Model Prediction) project, described in Murphy et al. (2004), where the
effects of perturbing the physical parameters on climate sensitivity in an ensemble of
the HadCM3 model were investigated. Murphy et al. (2004) found a climate sensitiv-
ity range of 2.5-5.5°C, as seen in Figure 1.1. The same set of parameter perturbation
combinations is used in PalaecoQUMP in the search of paleo—constraints on climate
sensitivity. The QUMP ensemble size is of 53 members, whilst the CPDN ensem-
ble size is of ~23,700 HadCM3 simulations and more than 290,000 HadSM3 model
simulations have been completed. It has been found for both the probability density
functions of climate sensitivity found in Murphy et al. (2004) and Stainforth et al.
(2005) that the results are sensitive to sampling strategy in the physical parameter

space.

The PalaecoQUMP model runs have not been completed at the time of writing, though
it will be of great interest in due course to see how the results from this project com-

pares to the the PalacoQUMP results. More information on PalacoQUMP can be
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found at: http://www.bridge.bris.ac.uk/projects/PalacoQUMP /index.html.

1.4 Testing models in a paleo—framework

Comparing models to proxy data is a challenge. Edwards et al. (2008) point out the
less than optimal use of existing paleo-climatic records. One of the short comings lie
in the lack of use of all the available paleo-data and paleo-climate reconstructions. It
is preferable to compare model results directly to the data rather that paleo-climatic
reconstructions. Edwards et al. (2008) suggest that for the field to move forward,
the current range of paleo-climate model ensembles need to be extended. This view
reinforces the rationale for this project. Presently more data are being added to the
databases, in particular the pollen database. These expanded data sets will accom-

modate for more robust benchmarking of climate models in the future.

Model validations can be done with qualitative comparisons to mapped paleo — ob-
servations or quantitative comparisons to reconstructed changes in e.g. precipitation
rate and temperature. Various methods exist for checking the models against the
geological records, i.e. map — map comparison, regional averages and site — by — site

comparisons.

Using quality — controlled global paleo—environmental synthesis maps to constrain the
predicted range for climate sensitivity of climate models is a relatively new activity.
Here one of the aims is to look for constraints on the uncertainty in climate sensitiv-
ity by using paleo—data and benchmarking model performance with our knowledge of
the the mid-Holocene climate. At such a time-scale the climate signal is strong and

regionally coherent in response to large and well-known changes in climate forcing.

Paleoclimate modelling provides an opportunity to investigate how the Earth’s cli-
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mate have responded to certain forcings and feedbacks in the past and how they may

affect future climates. The results can be compared to a number of paleo-data sets.

1.5 Climate feedbacks

In allowing the meteorology in climate models to change during boundary condition *
experiments, feedbacks operating in the climate system are likely to enhance or reduce
the effect of the forcing itself. A forcing can be defined as a mechanism that makes
the climate change by altering the global energy balance. Climate forcing mechanisms
can for instance be fluctuations in the Earth’s orbit, variations in ocean circulation
and changes in the Earth’s atmospheric composition. Houghton et al. (2001) defines
a climate feedback as “an interaction mechanism between processes in the climate
system, which is the result of an initial process triggering a change in a second pro-
cess that in turn influences the initial one. A positive feedback intensifies the original
process, and a negative feedback reduces it”. Several feedback mechanisms operate

in model sensitivity experiments.

The main feedbacks in GCMs, as identified by Colman (2003) are from water vapour,
clouds, atmospheric lapse rate, and ice/snow albedo changes. The largest contributor
is the water vapour, inducing a positive feedback in all 12 GCMs investigated by
Colman (2003). The most uncertain feedback is due to clouds. The representation
of feedbacks in the models induce a large range in uncertainty in the global mean
surface temperature response to a forcing, e.g. doubling of carbon dioxide concen-
trations. Hansen et al. (2005) point out that feedbacks are highly model dependent
and represented by parametrised processes making them an important contributor

to model uncertainty. Feedbacks from ice and vegetation changes are investigated in

!Boundary condition changes imply that an external forcing has been applied to the model
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this project, as seen in Chapter 6 and Chapter 7.

Radiative forcing is the net change in incoming and outgoing radiation at the tropopause
after the stratosphere has reached a new thermal equilibrium. The stratosphere
reaches equilibrium much faster (time-scale of months) than the troposphere. The
surface — troposphere system is slower, with time-scales of typically decades (Hansen
et al., 1997), mainly due to the thermal inertia if the ocean. It is an externally im-
posed forcing that perturbs the energy balance of the Earth (Solomon et al., 2007).
An increase in radiative forcing, AF, from e.g. an increase in GHGs or changes in
the incoming solar radiation, scales with the surface temperature change, AT, and

leads to an increase in the climate system’s heat flux AQ), such that:

AQ = AF — \AT. (1.1)

The heat is mainly taken up by the ocean. The outgoing long-wave radiation changes
resulting from the change in forcing is affected by climate feedbacks (Knutti and
Hegerl, 2008). The climate feedback parameter A [Wm 2K~ is defined as the ratio
of forcing to equilibrium temperature change, A = AF/AT. The inverse, S’ = 1/\ =
AT/AF, is the climate sensitivity parameter. In this basic model the equilibrium
temperature change is proportional to the radiative forcing, and forcing is independent
of AT (to the first order). The total feedback is the sum of all independent feedbacks
(Hansen et al., 1984), e.g. changes in albedo, water vapour, clouds, etc. Boer and
Yu (2003); Senior and Mitchell (2000); Hargreaves et al. (2007) found however, that
certain feedbacks change with the climate state and the linear feedback term AAT
is therefore only valid for surface temperature changes of a few degrees (Knutti and
Hegerl, 2008). The simple energy balance model (Equation 1.1) is further evaluated

in Chapter 2.
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1.6 Aims

The aim of this thesis is to make use of the climateprediction.net distributed com-
puting approach to address issues relevant to global change. This “perturbed physics
ensemble” varies the parameters that affect the physics in the model within ranges
that are thought to be realistic (Stainforth et al., 2005; Murphy et al., 2004). The
climateprediction.net project is described in Section 3.2. Ensembles are a powerful
tool to explore model sensitivity and each member takes on its own climate sensi-
tivity value. A selection of models, or parameter combinations, are used to attempt
to simulate the climate of the mid-Holocene. The model selection work was done by
Sanderson et al. (2008). The simulations will be compared to paleo-climate observa-

tions.

The aims of this study are listed here:

o A target of this thesis is to establish a set of robust climatic features of the
mid-Holocene. Various reconstructions based on paleo—observations are used to
identify a number of distinctive 6kyBP climate patterns for the use of GCM

benchmarking. Quantitative benchmarks are established where possible.

e To design and develop a grand ensemble of climate models and distribute this
via climateprediction.net (CPDN). Each model will contain a calibration, con-
trol, mid-Holocene and a 2x[CO;| phase. It is intended to provide the paleo-
community with the results from this ensemble and make it publicly available

through the CPDN results portal.

e [t will then be evaluated how well the paleo-ensemble compares to the mid-
Holocene climate features as previously identified. I.e. how well can we model
past climates? And can the mid-Holocene climate provide a constraint on cli-

mate sensitivity in the CPDN ensemble? To answer the latter, correlations
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between observables and climate sensitivity are searched for.

e The importance and impacts of the model boundary conditions are also explored
in this project. It is aimed to construct a distributed experiment where the
boundary conditions are perturbed. This involves expanding Hudson Bay in
the model’s land — sea mask and including land ice in Eastern North America
which was lingering on since the LGM. This experiment is then tested against
local paleo-observations to see if the boundary condition perturbations improve

the models representation of the meso-scale climate conditions.

1.7 Thesis structure

First the basic physics of climate change are looked into (Chapter 2) with an evalua-
tion of the energy balance model equation. Despite its simplicity the equation illus-
trates some of the basic concepts arising in the study of the physics of the Earth’s
climate and its response to external forcing. Chapter 3 introduces the methods under-
taken in this work, including background information on how climateprediction.net
works and technical details of the GCM in question. The paleo—boundary conditions
are also described, including the PMIP settings and the new boundary conditions
chosen for one of the experiments. The models chosen for this study is further ex-

plained along with the ensemble design and the CPDN distribution process.

The fourth chapter outlines the paleo—observational benchmarks. First the main
paleo—environmental synthesis maps are described, as most of the benchmarks are
based on these. Then six model benchmarks are listed, ranked in an order of confi-
dence in their robustness. The chapter describes the data the benchmarks are based
on and makes suggestions as to how to compare the models with the data. Both map

— map comparisons and quantitative comparison methods are suggested, where pos-
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sible, for each climatic feature of the mid-Holocene. Paleo—environmental data from
Eastern North America (ENA) are described for the comparison of model results from

the experiment including the new and improved paleo — boundary conditions.

Chapter 5 evaluates the results from the first part of the distributed ensemble, where
the models have been forced with the mid-Holocene boundary conditions of an al-
tered orbital configuration and reduced methane concentrations, according to the
PMIP standard. The ensemble is benchmarked against the set of 6kyBP climatic
features as described in Chapter 4. A model case study is carried out where the
results from the best performing ensemble member is investigated and it’s parameter

settings listed.

Chapter 6 goes on to assess the ensemble response to the new refined paleo-boundary
conditions where the Laurentide ice sheet has been added to the model and the land —
sea mask has been altered expanding Hudson Bay. The local impact of these changes
are described and the ensemble mean is compared to the ENA observations discussed

in Chapter 4.

Chapter 7 presents a sensitivity study performed in—house, where the vegetation in
the model is perturbed. This is to investigate the importance of vegetation feedbacks
upon the northwards expansion of the West African monsoon during the mid-Holocene
in the model. Shortcomings in the the models’ representation of the mid-Holocene
African monsoon was found in Chapter 5 and this was the motivation for this exper-

iment.

Chapter 8 contains a general discussion of the thesis and the main conclusions result-

ing from this project are outlined in Chapter 9. Future work is also suggested.



CHAPTER 2

Physical overview

In order to be able to simulate future climates, a model estimating the response to
changes in forcing is needed. These models can vary greatly in complexity, from the
basic Energy Balance Model (Equation 1.1) to the highly complex General Circula-
tion Models (GCMs) (Section 3.3). L.e. these models range from a single partial
differential equation to full atmosphere-ocean GCMs, which resolve many aspects of
the Earth system, e.g. land surface processes, clouds and atmospheric chemistry.
There are natural advantages and disadvantages using the different models, as an
increase in complexity leads to an increase in computational costs and perhaps less

readily interpretable results.

Firstly, as it is important that we understand the concept of radiative forcing, it’s re-
lation to climate sensitivity and it’s impact on surface temperatures, the basic energy
balance model is investigated. Then climate modelling of the more complex kind is

looked into.

15
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2.1 Radiative forcing and the global energy

budget

The global energy budget is the balance between the amount of energy through solar
radiation entering the climate system and the amount of energy leaving the system
(illustrated in Figure 2.1). Around 30% of the incoming short-wave radiation is
reflected or scattered back to space as a result of the Earth’s albedo. The remaining
70% is absorbed by the atmosphere and the surface and radiated back through long-

wave infrared radiation (Kiehl and Trenberth, 1997).

107 Reflected Solar Incoming QOutgoing
Radiation 342 Solar Longwave
Radiation Radiation

’ 342 Wm™? 235 Wm 2

Reflected by Clouds,
Aerosol and

r 40
Emitted by , Atmaospheric
Atmosphere 165 Window

Greenhouse
Gases

324
Back
Radiation

\ Absorbed by

390

: 24 Surface
Absorbed by Surface Thermals Evapo- Radiation 324
transpiration Absorbed by Surlﬁb‘e‘\

Figure 2.1: The Earth’s global annual mean radiation budget [Wm™2]. ~49% of the incom-
ing solar radiation is absorbed by the surface. That heat is re-emitted to the atmosphere
as sensible heat, latent heat and thermal infrared radiation. The major part of this heat is
absorbed by the atmosphere, re-emitting it both up and down. Radiation from cloud tops
and atmospheric regions that are colder than the surface are lost to space. Some of the
energy stays in the climate system. This is what drives the Greenhouse Effect (from Kiehl
and Trenberth (1997)).

The amount of energy radiated by the Sun or Earth, assuming they are perfect

emitters i.e. black bodies, can be expressed by Stefan-Boltzmann’s Law:

E = eoT?, (2.1)
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where the Stefan-Boltzmann constant is: ¢ = 5.6704 x 107 8W s 'm 2K ~*, and the
emissivity, €, is 1 for a perfect black body. The irradiance, E, has the units of
Wm™2. It states that the total energy radiated per unit surface area per unit time
is proportional to the fourth power of the temperature of the black body. There is
a significant difference between the incoming solar radiation and outgoing terrestrial
radiation, affecting the climate system. GHGs affect the amount of radiation that
the Earth is able to absorb and emit. The energy emitted by the Sun, i.e. the solar

constant, assuming the Sun is a black body:

RS un
Rorbit

2
S = Egun < ) — 1557Wm?, (2.2)

where FEg,, is the energy emitted by the Sun and Rg,, and R, are the radius of
the Sun and the radius from the Sun to the Earth’s orbit respectively. The amount
of energy received at the Earth depends on the size of the Earth and the amount
reflected back to space:

Ein = 1r5,mS(1 — a). (2.3)

TEarth 18 the radius of the Earth, S is the Solar constant and « is the albedo of the

Earth (typically of 0.3).

Now treating the Earth as a black body radiator, the total energy emitted from the

entire surface area of the Earth becomes:
Eou = (47150 (0T") (2.4)

Hence the energy balance between the incoming solar radiation and the outgoing

radiation becomes:

71—f'ﬂ%}arths(l - Oé) = 47Tr%arth (UT4>
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“Z(1 —a) =oT" (2.5)

Hlustrating GHGs: energy balance equation at the TOA:

=oT?

atmos

=oT?, (2.6)

=~

where Ty imos is the atmospheric temperature and 7, is the emission temperature. The
energy balance for either atmosphere or surface can be used to determine the surface

temperature in equilibrium, when absorbed energy = emitted energy:

. 4 _ 4
atmosphere : 6T, = 20Ts,

= oT: (2.7)

atmos

S
sur face : Z<1 —a)+oT?

This requires that T4 = 2T*. T, is the surface temperature.

Now considering climate sensitivity and feedbacks, as the climate system, including

the surface temperatures, can change when a perturbation or forcing is applied:

dT, _oT, i 8T, d;
ds — 68 dx; dS”

i=1

(2.8)

The first fraction, %7;, represents the direct effect of the solar constant change on
surface temperature, whilst the second term represents the sum of all feedbacks as-

sociated with each climate variable zx.

Now let the emitted energy from the Earth be an unknown function of the surface

temperature, E(T). R is the net radiation, which is 0 in equilibrium:

R = (1 - a(Ts)) - E(Ts) =0 (29)
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Let the equilibrium climate be forced by a perturbation F', e.g. 2x CO,, to the energy
balance. Using the chain rule to express the change in net radiation to the perturbed

forcing:
aR _ R R, _
dF  0F = 6T, dF

(2.10)
The total derivative of the net radiation must be 0 in going from one equilibrium
state to another. Equation 2.10 is therefore rearranged to express the total change in
temperature for a particular forcing F"

ar, %% SR\ sa  OF
_ Tor _ Y R 2.11
T T, %1 ter) = (211)

This relates the magnitude of the global mean temperature response to an external

forcing and we arrive at Equation 1.1 first introduced in Section 1.5:

F = AAT. (2.12)

A is the so-called feedback parameter [Wm~2K 1|, representing a combination of
possible feedback processes in the climate system. It quantifies how the net inward
heat flux, (), varies with temperature. If () increases with temperature, \ is negative
and tends to enhance temperature perturbations, i.e. corresponding to a positive
feedback. If, say, () decreases with temperature, \ is positive and tends to dampen
temperature perturbations (negative feedback). F', the radiative forcing, is defined
as the change in net downward heat flux at the tropopause due to an external forcing

after the stratosphere has returned to equilibrium (Shine et al., 1995).

Considering a simplified version of the real and complex climate system in the form of
an energy balance model allows us to identify some important basic properties of the

real system. Possible changes in the climate due to changes in radiative fluxes may
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also be explored. Changes in the radiation can result from changes in greenhouse gas

concentrations, aerosols, albedo changes or changes in the solar “constant”.

COs acts as a climate forcing through changing the radiative properties of the atmo-
sphere and increasing the ability absorb thermal infra-red, long wave, radiation. It is
a so-called greenhouse gas (GHG). More radiative heat is trapped in the Earth sys-
tem and increases the climate system’s ability to absorb energy. The direct radiative
impacts of long lived GHGs, i.e. CO5 and CHy, are relatively well understood. The

impact of other forcings are a lot less straight forward, however.

The radiative effects of acrosols are a lot less well understood (Anderson et al., 2003).
They can have both a direct and indirect radiative effect. This forcing agent is thought
to have a net cooling effect on the climate, however (Haywood et al., 2000; Yu et al.,
2006). Aerosols can change the radiative properties of the atmosphere through chang-
ing the cloud albedo. Aerosols act as cloud condensation nucleis (CCNs), as these
small particles facilitate for droplet condensation leading to a lot of smaller droplets
rather than fewer and larger ones. This way the clouds become brighter and more

solar radiation is reflected back into space (Houghton et al., 2001).

The influence of the anthropogenic Earth surface albedo changes can also act a forc-
ing on the climate. Deforestration and agricultural activity is thought to increase the
albedo (Betts, 2001), whilst soot depostion onto ice and snow acts to warm the cli-
mate through reducing the reflectivity of the surface (Hansen and Nazarenko, 2004).

The severity of these effects are uncertain and under debate.

Considering the surface heat fluxes, a balance between the amount of incident solar
radiation and the radiative cooling to space is obtained. A change in one of these

will result in changes to the other until equilibrium is re-established. Such an exter-
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nal change, or radiative forcing (F'), must balance with the change in global mean

temperature, AT. Considering the global energy budget out of equilibrium, the rate

dAQ

=5, of the Earth must be taken into account. AQ is the change in

of heat uptake,

energy compared to the system’s heat content:

F = )AT + dﬁf. (2.13)

The deep ocean has the largest heat store capacity in the climate system with the
ability to store as much as 1000 times the heat capacity of the atmosphere. Making
the approximation that the ocean is a surface mixed layer in thermal contact with

the atmosphere, with a heat capacity proportional to changes in the air temperature

dAQ

at the surface, the rate of the heat uptake of the whole climate system, <3, is

approximately equal to the rate of oceanic heat uptake. The appropriate amount of

ocean to include, however, is of ~0.7. Further assuming that the rate of the ocean

heat uptake can be expressed by the heat capacity of the global oceans per unit
dAT .

surface area, C, times the rate of change of surface air temperature, “2=:

dAQ  _dAT

— =C—. 2.14
dt dt (2.14)
Substituting this into equation 2.13 and rearranging, the following is obtained:
dAT

The radiative forcing concept is useful for climate change research when it is possible
to distinguish between the forcing, feedback and climate response. This is possible

when working with GCMs and e.g. the 2xCO, experiment.
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2.1.1 Constant forcing

Considering the case when a constant radiative forcing, F' = F, is applied to the

climate system, e.g. an instantaneous doubling of CO,:

CdﬁtT = F, — \AT. (2.16)

We can’t simply work out A as C' is uncertain, though observations of the SST range
and ocean heat content changes over the past 40 years or so exist. A more funda-
mental problem is that we don’t know F'. Greenhouse gases are not the only external
factor affecting climate over the past century, but also land — use changes, ozone
levels, volcanic eruptions, aerosols from sulphate emissions and changes in the output

from the Sun.

Equation 2.16 may be solved as a first order linear differential equation for the devi-
ation of the global mean temperature from its equilibrium value using an integrating

t/T

factor of €7 to obtain the following solution:

AT = i (1—e%). (2.17)

The response time of the climate system can in this case be expressed by 7 = C//\.
Hence a large heat capacity or a low feedback parameter will take a long time to
reach a new equilibrium after the forcing has been applied. The feedback factor, A
does not scale linearly with AT (Figure 2.2) making it difficult to constrain climate
sensitivity,

S = % (2.18)

The figure (2.2) is the predicted response by this simplified energy balance model

after a forcing of 2xCOy has been applied to the Earth system. It shows A versus the
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resulting change in surface temperatures AT, i.e. climate sensitivity. The physics of
the response and uncertainties in forcing means it is fundamentally difficult to rule
out high sensitivity values resulting from doubling of carbon dioxide concentrations

(Knutti and Hegerl, 2008).

AT

Figure 2.2: The feedback parameter, )\, versus surface temperature change for a doubling
of pre-industrial CO4 forcing, as predicted by the energy balance model. The ocean heat
capacity is assumed to be 2.1 x 107 JK ~tm 2.

From the simple equation (equation 2.16) it is seen that equilibrium temperature
increase is proportional to the radiative forcing and can be seen as a function of the
current COy relative to the pre-industrial COq: AT = S In(CO2/COst—pre—ina)/In2
(Knutti and Hegerl, 2008).

A doubling of the pre-industrial CO, concentrations is equivalent to a radiative forcing
of about 3.7Wm~2 (Forster, 2007). The heat content is an uncertain issue in the slab
model, where it is assumed to be C’% o C', a constant. This brings up the issue
that the results from PMIP and this ensemble are somewhat uncertain, based on the
assumption of the ocean heat content, which is not allowed to vary or change in the

simple slab ocean.
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2.1.2 Seasonal cycle

The orbital forcing on the global annual mean climate during the mid-Holocene was
small, as later described (Chapter 3). There was a seasonal and latitudinal redistri-
bution of the incoming solar radiation at the top of the atmosphere, however (Berger,
1978). The seasonal cycle in surface heat flux per unit area can be represented by a
sinusoidal function (Figure 2.3). The heat flux per unit area is considered to see a
local seasonal cycle. The forcing can thus be expressed by:

F = Fysin(wt + ¢).

Fy is the amplitude of the oscillation of the heat lux downwards through the atmo-
sphere due to the seasonal cycle. w = 27 f where f is the frequency of the seasonal

cycle and ¢ is the phase factor (constant). Equation 2.13 then becomes:

CdﬁtT = Fysin(wt + ¢) — AAT. (2.19)

Solutions for AT can be sought using an integrating factor and integrating by parts.

Multiplying through with an integrating factor of e%, the following is obtained:
At a Fy o
ATe? = /eC o sin(wt + 6)dt. (2.20)
Integrating by parts twice gives:

At F At
ATec = ﬁe? cos(wt + ¢)
FO/\ At FO . A At
+ 7(‘002 <6 C ; sm(wt + ¢) — w ecC SlH(u)t —+ ¢)dt> . (221)
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Equating equations 2.20 and 2.21, rearranging and then substituting back into equa-

tion 2.20, followed by dividing through by et finally provides the solution of:

AT F()Cu) ( A

= Cruz 1 v \ o Sinwt + @) —cos(wt + d))) : (2.22)
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Figure 2.3: The monthly distribution of global mean insolation [Wm™2] at 6kyBP (green)
and at present (blue).

Over the duration of a year, AT = 0 (eqn 2.22), and the 2 sin(wt+¢) and cos(wt +¢)

terms are balanced out.

Looking at Equation 2.22, it is obvious that for small values of A, i.e. A\ — 0, the cosine
term becomes the dominant term. For the case when the feedback parameter is very
large, i.e. A — 00, the sine term dominates over the cosine term. This illustrates how
A contributes to determine the seasonal variations in surface temperatures through
time. As a cosine wave is a phase shifted sine wave, i.e. cos¢ = sin ((b + %), we see
how seasonal shifts in temperatures, as in e.g. the mid-Holocene climate, arise from

Equation 2.22.
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2.2 Modelling the climate system

Away from the very basic, but illustrative energy balance model, we have the complex
general circulation models. These attempt to include more of the intricate processes of
the real climate system. To evaluate more aspects of the climate response to changes
in forcings, the AOGCMs (Atmosphere-Ocean General Circulation Models) need to
be used. These type of models have been evolving and in use for more than 40 years

(Smagorinsky et al., 1965).

AGCMs, the atmospheric part, may include various components such as atmospheric
chemistry and land surface models. The Earth’s surface is discretised into grid boxes,
or grid cells or alternatively spherical harmonics. Each grid box has prognostic vari-
ables such as temperature, atmospheric pressure, etc. Diagnostic variables are calcu-
lated from these prognostics. The equations of fluid motion are integrated forward in

time deriving the evolution of the prognostics and the climate state.

The AGCM contains a radiation code, which is most often divided into two com-
ponents: the longwave and shortwave, representing the terrestrial infra-red radiation
and solar shortwave radiation respectively. This part of the model code calculates the
amount of radiation absorbed and emitted by each atmospheric layer in the model.
The calculation is often done twice, including and emitting the effects of clouds on

the radiation budget, hence estimating the “clear-sky” and “cloudy” fluxes.

With regards to the oceanic component of the GCM, it can be represented by the
use of a so-called thermodynamic “slab” ocean, or of course a full oceanic circulation
model. The slab model is described in Section 3.3.1. It is vertically isothermal
and represents the upper mixed layer of the ocean, with the equivalent heat capacity.

The full oceanic GCM is, similarly to the atmosphere, discretised both vertically and
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horizontally, resolving the transport of fluid and heat. Both generally contain a sea

ice model.

Numerous processes, both in the atmosphere and ocean, occur at scales smaller than
that of the model grid. These processes are therefore parametrised so they can be
accounted for in the integration. Grid scale diagnostics are related to the sub—grid
scale processes through parametrisation schemes. Cloud cover, land—surface processes
and convection are all parametrised. These parametrisations all contain uncertainty.
Each parameter has a range of realistic values, derived from observations of the true
climate system. The use of an inappropriate parameter value or physical model may
cause a systematic bias in the simulated climate. There is an uncertainty in the model
response due to the uncertainty and inaccuracy in the representation of the model

physics.

Uncertainties in GCM predicted climate response to a certain forcing arise from two
major sources: boundary conditions and model response. Stott and Kettleborough
(2002) found through a process called “optimal fingerprinting” that the dominant
uncertainties over the next 30-40 years were from the model response, rather than
the initial conditions or forcing scenario. This study highlights the importance of not
only representing the actual uncertainty in the model predictions due to the model

physics, but also improving the model physics themselves.

Model parameters can be tuned to best represent the underlying physics of the present
and past climates. This might not hold for future predictions, however. An additional
problem is that the effect of multiple parameter perturbations on the large scale cli-
mate cannot be predicted without performing the actual model simulation. The
solution to this problem is to perform simulations covering all possible ranges and

combinations of parameter values and check the results with observations to reduce
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the uncertainties in the parameter values (Smith, 2002). Exploring the full parameter
space requires substantial amounts of computing resources, however. Every combina-
tion of parameter perturbations must be simulated since one cannot assume that the
effects combine linearly. The computational resources required increase exponentially

with the number of parameters in question (Allen et al., 2000).



CHAPTER 3

Tools and Method

3.1 Introduction

This chapter describes the methods and tools used in the project, starting with cli-
mateprediction.net, the model used, paleo-boundary conditions and how they are de-
cided and the distribution design, including the models chosen for the study. So far,
the CPDN method for the atmosphere—slab model experiments has been to use three
phases, including a calibration, control and 2xCO, phase. Here (Section 3.2.2) it
is described how this method has been edited in this project to include four phases,

i.e. a paleo-phase has been added.

3.2 Climateprediction.net

The motivation behind the climateprediction.net project is that climate change and
our response to it are issues of global importance. There is a wide agreement within
the climate science community that the Earth is likely to continue to warm over
the coming century. Climateprediction.net (CPDN) is trying to address the crucial

question of how much. It is the world’s largest computer — based climate modelling

29
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experiment where each participant can download a unique version of a GCM and it
will run as a background process making use of available CPUs. The data is returned
to the CPDN database via the Internet, when the GCM run has completed. The
distributed computing project makes use of thousands of standard public or home
computers to run climate model simulations and has got ~50,000 volunteers at any
one time. The experiment has now passed more than 43 million model years simu-

lated (June, 2009) and is a unique tool for investigating model behaviour.

CPDN is a perturbed physics ensemble of GCMs, i.e. it takes one climate model and
make changes to the physical parameters in it. These parameters arise from the need
to parametrise physical processes that occur on sub—grid scales and to quantify poorly
understood physical parameters. The parameters perturbed are typically in the cloud
scheme, as there are large uncertainties in the behaviour of various cloud properties.
Additionally, perturbations are made to the initial conditions and the model pa-
rameters to explore all viable combinations in order to find the possible range of the
climate’s response to 2x[CO,]. Stainforth et al. (2005) found that the single perturba-
tions with the largest influence on climate sensitivity are the entrainment coefficient,
critical relative humidity and the ice fall speed. (See http://climateprediction.net for
more information). The CPDN ensemble approach contrasts with the multi-model
approach, e.g. the Coupled Model Intercomparison Project (CMIP) and PMIP, where

several different GCMs are compared.

Figure 3.1 shows the frequency distribution of simulated climate sensitivity from the
climateprediction.net ensemble (Stainforth et al., 2005). The black curve shows the re-
sult from 2578 slab models, the red curve represents all the models, except those with
perturbations to the cloud-to-rain conversion factor, whilst the blue shows all model

version apart from those with perturbations to the entrainment coefficient. Most sen-
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Figure 3.1: The frequency distribution of simulated climate sensitivity using all model
versions (black), all model versions except those with perturbations to the cloud-to-rain
conversion threshold (red), and all model versions except those with perturbations to the
entrainment coefficient (blue) (Stainforth et al., 2005).

sitivities cluster around 3.4 K, which corresponds to the value for the unperturbed
model, i.e. the model with the default parameter values. This figure indicates that
the parameters you choose to perturb in your ensemble determines the shape of your
frequency distribution. See Appendix A for a definition of the various parameters

and Appendix B for the default values of the parameters.

3.2.1 The CPDN HadSM3 three—phase procedure

The usual CPDN HadSM3 procedure involves taking one model with a certain combi-
nation of parameter values and run it with three phases, i.e. each simulation includes
three different phases: a calibration phase (model years December 1810 — Novem-
ber 1825), followed by a control phase where the COy concentrations are kept at a
pre-industrial level of 280ppm (model years December 1826 — November 1840), and a
final phase during which the pre-industrial [CO,] is doubled to 560ppm (model years
December 2050 — November 2065). In the calibration step, the SSTs are artificially
kept at a steady level and the heat needed for this is calculated and applied to the

following phases. In the control step, the SSTs are varying according to how much
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energy the ocean receives and emits. This is assumed to be of equivalent magnitude
as in Phase 1, hence the application of the heat flux convergence extracted from the
first phase. The temperatures of the atmosphere should therefore remain stable in
the control run, unless the energy balance at the TOA has been altered. Figure 3.2

illustrates the three model phases used in the original CPDN HadSM3 ensemble.

< Control
Calibrati
alipration 2x°°2

Figure 3.2: The different model phases used in the original CPDN HadSM3 ensemble,
including the calibration-, control- and 2x[COsz] phases. The end climate of the calibration
phase is used as the starting climate of the two follow-on phases.

As the new forcing is applied in the third and final phase, the atmosphere should even-
tually adjust to a new stable equilibrium climate. This perturbed physics method is
a way of testing which combination of parameters that work. We are seeking com-
binations that produce climate scenarios that are realistic, i.e. no snowball Earth
scenarios or boiling oceans. The parameters represent the approximations and as-
sumptions needed to be made in the model. These parameters can hold a range of
realistic values. The climate sensitivity can be deduced by comparing the global av-
erage surface temperatures from the control and 2xCOy phases. The average over
the last eight years of the model run is used to find the former. To find the predicted
equilibrium temperature, equation 2.17 is revisited. The change in temperature is

fitted to the exponential expression (c.f. (Stainforth et al., 2005)):
AT (t) = AToycoz(1 — e7H7). (3.1)

This provides a Ty co2 estimate that allows for the uncertainty in the response time

scale, T.
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3.2.2 The new HadSM3 four—phase procedure.

In this project the distribution code has been changed to incorporate a fourth phase
where a paleo-forcing is applied to the model. The first step is to investigate the effect
on the modelled climate by altering the Earth’s orbital parameters. The obliquity
was increased from the current value of 23.446° to 24.105°, representing 6kyBP. In
addition, the eccentricity is changed to the 6kyBP value of 0.018682 compared to the
current value of 0.016724. The angular precession takes a value of 0.87° in the 6kyBP
simulations and 102.04° in the control and 2x[COs] scenarios. The mid-Holocene or-
bital parameters are given by Berger (1978) and are shown in Table 2.1 in addition
to the present day values. The impact of increasing the obliquity to 6kyBP values is
to increase the amount of incoming solar radiation at high latitudes, whilst changing
the longitude of perihelion redistributes the seasonal distribution of insolation. The

changes made to the eccentricity here have comparably little impact.

Boundary Conditions:

Obliquity Eccentricity | Precession
OkyBP 23.446° 0.016724 102.04°
6kyBP 24.105° 0.018682 0.87°

Table 3.1: The Milankovitch boundary conditions for the 6kyBP and OkyBP simulations.
The solar constant is 1365 Wm™2. These boundary conditions follow the PMIP standard
(see e.g. Joussaume et al. (1999)).

The main change in incoming solar radiation at 6kyBP was due to the displacement of
the longitude of perihelion (Berger, 1978). The orbital configuration then intensifies
(weakens) the seasonal distribution of the incoming solar radiation in the northern
(southern) hemisphere, by about 5%. This is illustrated in Figure 3.3, which shows
the zonally averaged differences in insolation [Wm™2] at the TOA between the mid-
Holocene and present throughout the year. The Milankovitch Cycles are further

described in Section 3.4.1.
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Figure 3.3: The latitude — month distribution of the differences in insolation [Wm™2]
between 6kyBP and OkyBP.

90s

In addition to alter the orbital configuration to represent the mid-Holocene, as de-
scribed earlier, the methane, CH,, concentrations are reduced somewhat from 700ppb
to 650ppb. This is in line with the PMIP (Paleoclimate Modelling Inter comparison
Project) standard for 6kyBP boundary conditions. The methane concentrations are

derived from ice core data (Raynaud et al., 1993).

The output from the last eight years of the run is compared to a pre-industrial control
run. The data are averaged over the last eight years of the simulation in order to
ensure that a stabilised climate is sampled. Due to the lower heat content of the slab
compared to a full ocean circulation model the model takes a shorter time to reach

equilibrium after the forcing has been applied at the beginning of the simulation.

After the calibration step, there is the usual control step, but in this experiment an
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additional model run is performed, were the orbital forcing of the Mid-Holocene is
applied to the models. These phases are also followed by a 2x[CO,] forced stage.
The control, 6kyBP and 2x[CO,] phases are initialised from the end climate of the
calibration integration. The different phases are illustrated in Figure 3.4.

Control
Calibration 2xCO,

Aorbit

Figure 3.4: The different model phases used in this project, including the calibration-,
control-, 2x[COz2] and the mid-Holocene phase with altered orbital configuration. The end
climate of the calibration phase is used as the starting climate of the three follow-on phases.

3.3 The Model

The Met Office Unified Model is a state-of-the-art General Circulation Model (GCM).
Here HadSM3 is used, which is the atmospheric component of the model, i.e. HadAMS3,
in combination with a mixed layer slab ocean. The horizontal grid consists of an
Arakawa B grid with a 2.5° latitude x 3.75° longitude resolution and there are 19
vertical levels in the atmosphere (Stainforth et al., 2005). The vertical levels use
hybrid coordinates and each time step is of 30 minutes. The vegetation is kept fixed
at modern conditions in the model. The equations governing the atmosphere are the
quasi-hydrostatic versions of the full primitive Navier—Stokes equations, and include

the Coriolis force.

Due to the resolution of the climate model certain processes need to be parametrized.
These parametrisations are not true representations of the real world but they repre-
sent important processes of the climate system. They are subject to uncertainty and

can pose a large effect on the climate in any given model. The parameters are per-



CHAPTER 3. ToOLS AND METHOD 36

turbed within a known range of realistic values. The schemes that are parametrized
in the model include the radiation, clouds, precipitation (large scale and convec-
tive), convection, gravity wave drag, advection, diffusion and boundary layer pro-

cesses (Pope et al., 2000).

Atmospheric momentum, mass, angular momentum and water content are conserved
within the model away from source and sink regions. The boundary layer in the
model consists of five layers and uses a turbulent mixing scheme where the mixing
is calculated from local turbulent fluxes. Roughness length is used to represent the

various surface types including orographic drag effects.

Known biases in the model, improved from the earlier HadAM?2 version of the model
though still not fully resolved, include too high pressure at high latitudes, cold biases
at the tropopause in high latitude summers and in the storm tracks as found in a
study by Stratton (1999). Another bias in the model is the too strong Hadley and

Walker cells.

3.3.1 The slab ocean and ice component

The slab ocean model consists of a 50m deep vertically isothermal and static mixed
layer ocean. This accounts for the upper oceanic seasonal storage of heat (Jackson
and Broccoli, 2003). Oceanic heat transport by currents is simulated by additional
sources and sinks of heat in the mixed layer. These flux adjustments are functions of
latitude, longitude in addition to season, but has no inter-annual variability. A TOA
(Top Of the Atmosphere) radiative imbalance of about 1.2Wm™? is considered to be
reasonable for a completely adjusted model, according to Stainforth et al. (2005).
Modern day climate simulations are the basis for determining the magnitude of the

heat flux adjustments. The sea ice amount and SSTs are prescribed, in order to find



CHAPTER 3. ToOLS AND METHOD 37

the heat needed to maintain that state. In an equilibrium state, the globally averaged
heat flux adjustments tend to zero. For each simulation, there is a calibration phase
where the heat flux convergence is calculated. In this phase, the SSTs are kept
fixed, whereas in the following control run, the SSTs are allowed to vary. The SST's
vary in accordance to the atmosphere—ocean heat flux (Stainforth et al., 2005). The
advantage of using a slab model, as opposed to a full ocean general circulation model,
is that it is computationally cost effective and a long spin — up phase is avoided.
Meehl (2004) suggest that the atmospheric model is dominant in determining the

equilibrium response based on work done with several AOGCMs.

The simple slab ocean incorporates a zero layer sea ice model with thermodynamics
and a basic representation of sea ice dynamics (Gordon et al., 2000). The slab ocean
allows for no dynamical response within the ocean but allows atmospheric forcings
to change the distribution of SSTs. This lack of dynamical oceanic response has the
benefit of rapid equilibrium conversion within few years. The sea ice model is able to
respond to forcing through the ice-albedo feedback mechanism (Curry et al., 1995).
The surface temperature change in response to e.g. a doubling of CO,; would be
underestimated in the model (i.e. lower) if the important ice—albedo feedback was
not included in the model. Rind et al. (1995) and Ingram et al. (1989) evaluate the

issues with the simplified sea ice representation.

A simple climatology of ocean surface currents is used to advect sea ice. Where
the sea ice is thicker than 4.0m the resistance of ice to convergence sets the current
to be zero. In a fully coupled atmosphere — ocean GCM, snow that falls into the
sea cause a latent cooling of temperatures due to the melting snow. This changes
the heat fluxes into the ice, where snow falls into open ocean next to sea ice. This
process is simplified in the slab ocean, however, as grid cells containing ice have fixed

SSTs. The snow is distributed over existing ice and snowfall over the open water is
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not considered, affecting the conversion of sea water into ice. If a region becomes
filled with sea ice and the heat convergence does not allow for this, the model ignores
the heat convergence values in the relevant grid boxes as calculated in the calibration
phase. The SST and sea ice climatologies are based on the GISST (Global Ice and Sea
Surface Temperature) 3.1 and 2.2 data sets available at BADC (British Atmospheric
Data Centre) provided by the Met. Office. GISST contains grid information on the
monthly mean global sea surface temperatures from 1871 to 2003. Statistical methods
were used to derive a global coverage in areas where no data is available (Rayner et al.,
1996). The sea ice data originate from various sources, including passive microwave

data from satellites and digitized sea ice charts (Rayner et al., 2003).

The obvious advantage of the slab model is that it is fast and many more model runs
can be performed. The model integration is so much quicker to complete than for
HadCM3, making it a more appropriate tool for a D.Phil project due to the natural
time-constraints that implies. The slab model is also considerably more popular to
download by the volunteers than the full AOGCM. It is a priority for CPDN to keep
the users that we already have and to keep them motivated to stay connected to the
CPDN project we aim to provide them with the quick slab model to download. The
HadCM3 model with its long spin—up phase is a lot less popular and is often reserved
for the more serious and long-term BOINC users. It is realised that in using the slab
model instead of the full ocean circulation model, there is a risk that the climatic
response to the mid-Holocene forcing is less realistic and that oceanic feedbacks are

underestimated.

3.3.2 The vegetation module

The vegetation is kept fixed at modern settings in the original CPDN slab model

ensemble. In order to use the Hadley Centre’s dynamic vegetation scheme, TRIFFID
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(Top—down Representation of Interactive Foliage and Flora Including Dynamics) (Cox
et al., 2001), with the model a different land surface scheme than the one incorporated
in the CPDN set—up has to be used. Currently CPDN is using MOSES (Met Office
Surface Exchange Scheme) 1, whilst the MOSES 2 scheme has to be used in order
to dynamically couple the model to the TRIFFID vegetation module. Moses 2 is an
enhancement of Moses 1 with hydrology and boundary layer scheme modifications,
including a new ice scheme in radiation and radiatively active anvils in convection
(Essery et al., 2003). MOSES 2 calculates certain values that are exported to TRIF-
FID. Updating the land surface scheme and including the global dynamic vegetation
model in the CPDN set—up would involve too much time and effort, hence the al-
ready existing set—up is used for this distribution. An offline vegetation model, e.g.
BIOMEA4, could be used on the model results instead. It calculates biomes based on
the climatology resulting from a GCM and this biome map can be directly compared

to observations, i.e. BIOME 6000.

As seen in the BIOME 6000 data there are some differences between the modern and
6kyBP vegetation. The vegetation differences in the tropics would have an impact on
the local water recycling, if included in the simulations. The more moisture demand-
ing vegetation at 6kyBP facilitates for stronger convection through enhance moisture
supply to the atmosphere through evapotranspirational processes. In the middle lat-
itudes the differences in the 6kyBP albedo would be of importance. Neglecting to
include for these changes in the model makes the simulations less realistic. But on
the other hand, circularity issues are avoided and the model results can be compared
to the BIOME 6000 data. This data is essential for the benchmarking of the model

results.
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3.4 Paleo — boundary conditions

Perturbing the boundary conditions imply that a forcing has been applied to the
model. The external forcing may be changes in greenhouse gases or changes in the in-
solation due to orbital cyclicity. The forcing agent might result in a climatic response
of e.g. changes in temperature. The application of different boundary conditions may
cause the effect of the perturbed physics parameters to be stronger or yield a wider
response range. This “boundary value problem” is predictability of the second kind
which is how strong perturbations force the climate system to respond (Collins and

Allen, 2002).

This section outlines the paleo-boundary conditions for the 6kyBP model, beyond the

orbital settings, and the motivation behind these choices.

3.4.1 Milankovitch Cycles

As introduced in Section 3.2.2; Milankovitch Cycles is the name for the effect of
the alterations in the Earth’s orbital motion on the climate. The theory is named
after Milankovitch, who formalised the theory (Hays et al., 1976). The Milankovitch
theory was developed by Adhémar, Croll and Milankovitch. Initially their theories

were difficult to verify due to lack of reliable observations.

The ~100,000 year ice age cycle is a result of the variations in the axial tilt, eccen-
tricity and precession of the Earth’s orbit. The changes in the motion and orientation
of the Earth changes the amount of solar radiation reaching the Earth, i.e. the solar

forcing.

Obliquity (Axial tilt): The angle of the axis of the Earth’s tilt varies with respect

to the plane of the Earth’s orbit. The Earth’s obliquity ranges from 22.25-
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24.5° and back again over ~41,000 years, as indicated in Figure 3.5 (Imbrie
et al., 1993). The current obliquity is of 23.446°. The amplitude of the seasonal
cycle in incoming radiation at the TOA increases as the tilt increases. At the
maximum tilt of 24.5°  the seasonal temperatures become more extreme: the
winter temperatures are colder and the summers warmer than for a state with a
smaller tilt. The cooler summers at small obliquity values are thought promote

the initiation of ice ages.

Precession (Wobble): Precession is the change in the Earth’s axis of rotation rel-
ative to the fixed stars. It is due to the tidal forces from the Moon and the Sun
on the Earth associated with the non—perfect spherical shape of the Earth, i.e.
the Earth is an oblate spheroid bulging at the equator caused by the centrifugal
force of the Earth’s rotation. The precession of the orbit leads to a ~26,000 year
cycle in the equinoxes. When the axis is aligned such that it points towards the
Sun during perihelion when the Earth is the closest to the Sun in the orbit, one
hemisphere has a larger amplitude in the seasons, whilst the other has milder

seasons.

Eccentricity (Orbital shape): The shape of the Earth’s orbit around the Sun is
an ellipse. The eccentricity is the degree of how much the ellipse departs from
being perfectly circular. The eccentricity ranges from 0.005 (closest to circular
orbit) to 0.058 and the mean eccentricity is of 0.028. At the most elliptical orbit,
the TOA incoming solar radiation (insolation) is about 23% more at perihelion
(closest approach to the Sun) than at aphelion (the largest distance from the
Sun). The eccentricity of the Earth’s orbit varies due to the gravitational im-
pacts of Saturn and Jupiter. Perihelion is presently 3" of January and aphelion

41 of July.
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Figure 3.5: The Milankovitch Cycles (Imbrle et al., 1993).

Globally the largest differences in insolation between 6kyBP and present happens in
winter and summer. In the Northern Hemisphere the differences are the largest
in June and July, with the differences being somewhat bigger at high latitudes
(Figure 3.6). From this we would expect the 6kyBP NH summer to be warmer
than present, and somewhat colder in winter, though less so. The insolation has a
sinusoidal behaviour with larger amplitude at high latitudes, with a slight phase shift

at 6kyBP. At the equator the wave number is two.

3.4.2 Ice Sheets

The last global deglaciation event was the LGM (Last Glacial Maximum), ~21,000
years ago. This ended the last 100kyr ice age cycle. The thickness of the ice sheets
dating back to the LGM has only been poorly constrained until recently. This has
been done by applying equilibrium glaciological models of continental ice sheet for-
mation. In such models, a combination of the isostatic adjustment and ice mechanical

modelling-based methodologies have been applied to make a major advance (Peltier,
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Figure 3.6: The incoming solar radiation at the top of the atmosphere at 75°N, 45°N, 15°N,
equator, NH and globally [Wm™2]. Green is the 6kyBP insolation and blue the present day.

2004). This modelling technique now serves as a tool to develop surface boundary

conditions for coupled atmosphere ocean GCMs exploring past climates.

Although climates were as temperate or somewhat warmer than at present in the early



CHAPTER 3. ToOLS AND METHOD 44

Holocene — mid-Holocene, large amounts of land ice remained in eastern Canada be-
cause it had not had enough time to totally melt away. As the ice retreated rapidly
and cooled the local climate, the ice masses exposed a rim of new land (Taylor et al.,
1997). After it took time for the forest to recolonise. In Alaska too, the present
forest cover had not yet returned fully, with ongoing ecological succession (Taylor
et al., 1997). Most other areas, however, had somewhat similar vegetation cover to
the present. In the early Holocene the Laurentide ice sheet was still large enough to

have a significant downwind cooling effect.
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Figure 3.7: A map showing the 6kyBP paleo-environments from North America (map from
the Geological Survey of Canada, based on the work of Dyke et al. (2003)). Note the larger
Hudson bay area and the remnants of the Laurentide ice sheet. The dots, squares and
stars indicate proxy sites: pollen, macrofossil and mammal. The shaded contours show the
distribution of terrestrial biomes based on the proxy data from the region. The purple and
blue colours represent tundra, green boreal forest, pink mixed forest and brown grassland.
Each observation site is indicated.

The map (Figure 3.7) is from the Geological Survey of Canada and shows the 6kyBP
conditions of North America; note the larger Hudson Bay and regions of ice on Baffin

Island and in Québec. This is the remnants of the Laurentide ice sheet.
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Figure 3.8: The old (a) and the new (b) ancillary files for the model, here showing the
snow free surface albedo. The new ancillary files has been constructed based on the work
of Dyke et al. (2003).

No modelling efforts to date have included the 6kyBP Laurentide ice sheet or the
difference in the coastlines of Eastern North America (ENA) which result from the
isostatic depression by the ice and perhaps as a result the modelling community
has struggled to simulate the local Eastern North American 6kyBP climate. This
encouraged the QUEST project PalaecoQUMP to create new ancillary files for the
mid-Holocene time slice, i.e. model files describing the boundary conditions. As a

part of my project I have included these new boundary conditions and in an attempt
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to capture a more valid representation of the ENA local climate in our models. The
present day and new 6kyBP model land — sea mask and snow free surface albedo are
seen in Figure 3.8. Five land points have become sea in the new ancillary file and
eleven grid boxes now contain ice, e.g. the albedo has been increased to make the
surface more reflective. The model file describing the vegetation distribution also con-
tains other fields than just the snow free surface albedo. The changes made to these
are shown in Appendix C. The vegetation is kept fixed in the model, as explained

in Section 3.3.2.

3.4.3 The Baltic Sea

The Baltic Sea was extended during the Holocene, which is shown in both data from
e.g. Uscinowicz et al. (2000) and in the ICE-5G model (Peltier, 2004). The land was
still lowered after the recent ice sheet retreat. The ice model results for the surface
elevation [m] are seen in Figure 3.9, with the 6kyBP results in (a) and OkyBP results
in (b). The largest differences occur in grid boxes that are already sea in the model’s
land — sea mask due to the coarser GCM resolution, and no changes are made to the

boundary conditions in this region.

3.5 The models chosen for the study

Around 100 models are focused on in this project. The models were chosen based
on work by Sanderson et al. (2008). A climate model emulator was developed using
artificial neural network techniques and trained with data from 4000 CPDN mod-
els to emulate the response of the climate model output. These emulated ensemble
members were used to look for models closest to observations within each 0.1K bin

of sensitivity found within the original CPDN ensemble. The method allowed the
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Figure 3.9: The ICE-5G (VM2) Version 1.2 results showing surface elevation [m] for the

Baltic region for (a) 6kyBP and (b) OkyBP. (c) shows the HadSM3 land-sea mask.
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CPDN team to explore the model parameter space more than in the original CPDN
ensemble. The CPDN method so far has been to choose 2 — 3 values for each param-
eter and investigate the model response to combining various perturbed parameters.
These perturbations represent the extremes of the range of the uncertainty in the
parameter value. Sanderson et al. (2008) found the parameter changes necessary to

achieve a wide range of climate sensitivity whilst minimising the deviation from the

observations.
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Figure 3.10: The black line shows the mean parameter value from the 100 best per-
forming emulated models in each 0.1K sensitivity bin. The grey shading indicated the
10-90th range of the 100 best models (Sanderson et al., 2008). The grey dots show
the parameter value for the best performing model in each bin (if one exists) from
the original CPDN ensemble. The average parameter values from the 100 emulated
models are used in this project.

The modern observations the models have been tested against is the temperature and
precipitation data from the NCEP (National Centers for Environmental Prediction)
reanalysis data and the radiative data from the ERBE (NASA’s Earth Radiation
Budget Experiment) data-set. JJA and DJF seasonal means, in addition to annual

means of temperature, precipitation and radiation model data were tested against

the observations.
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After the artificial neural network had been trained and verified, a Monte—Carlo pa-
rameter perturbation experiment was performed and an ensemble of many order of
magnitude greater than the original CPDN data-set was emulated (1 million mem-
bers). The ensemble sampled the parameter space densely, hence allowing Sanderson
et al. (2008) to find the best performing models, as judged by observational con-
straints, in different 0.1K climate sensitivity bins. Given that we do not know the
behaviour of models in the unsampled parameter space, the neural network is designed
to give a smooth transition between the model responses at the known parameter val-

ues. This set of models were used in this project.

Figure 3.10 shows the sensitivity value versus the parameter settings for the chosen
models for my ensemble. The black line shows the mean parameter value for the 100
best performing models within the ensemble in each 0.1K sensitivity bin. The grey
shading indicates the 10 — 90" range of the 100 best performing models. The dark
grey dots show the parameter value for the best model in the bin from the original
ensemble, if one exists. By evaluating the input parameters for the most likely mod-
els in each sensitivity bin, we can find the parameter perturbations needed in order
to achieve the best models at different climate sensitivities. The optimal parameter
settings required for a given sensitivity whilst making each model as close to obser-
vations as possible is predicted (Figure 3.10). For more information on how the

models were selected see Sanderson et al. (2008).

3.6 Ensemble design

The model used is HadSM3 (Section 3.3). The 4-phase procedure as outlined in

Section 3.2.2 is applied to the 100 best performing models from Sanderson et al.



CHAPTER 3. ToOLS AND METHOD 50

(2008). In the mid-Holocene phase of the experiment, the boundary conditions are
changed by lowering the methane concentrations and by altering the orbital config-
uration (Table 2.1). This allows us to tease out the model response to this forcing.
The results from the models will be compared to observations of the mid-Holocene
climate. Such model validations can be done by qualitative comparison to mapped
paleo-observations, or by quantitative comparison to reconstructed changes in tem-
perature and the moisture budget. The next chapter (Chapter 4) proposes a method

for validating the model results against a list of observational benchmarks.

In a second experiment, the same 100 models are re-run with a different set-up. This
time the models will be distributed including for the different coastline, or land — sea
mask, and the Laurentide ice sheet. The land — sea mask has to be the same in all
the four phases, as a slab ocean model is being used and calculating heat flux values
in the calibration phase that are applied to the slab ocean in the remaining three
phases. For this purpose the land — sea mask needs to be the same in all four phases.
In the mid-Holocene phase in this part of the experiment, the Laurentide ice sheet is
included and the eleven grid boxes are set to ice, as explained in Section 3.4.2. This
way the models might simulate a more realistic local climate in ENA. The ensemble

design for this part, comparative to Figure 3.4, is illustrated in Figure 3.11.
Control+Alsm
CalibrationtAlsm 2xCO,+Alsm
Aorbit+Alsm+ice sheet

Figure 3.11: The different model phases used in the second experiment, including the
calibration-, control-, 2x[CO;] and altered orbital configuration phases. In the mid-
Holocene phase the [CHy] is reduced, orbital configuration changed, the land — sea mask
changed and the Laurentide ice sheet included for. The land — sea mask is the same in all
the phases.
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3.6.1 Distribution process

The distribution process consists of three phases as described in this section. There
are two test phases before the models are finally launched via the main website.

Volunteers are encouraged to log on to the project’s website and download the model.

Alpha — test: Firstly the models were alpha tested. This involved setting up the
models as work units and creating namelists for each set of parameters. The
model source code had to be adjusted to incorporate the four phases (Figure 3.4
and 3.11), as opposed to the usual CPDN three phases. The models were then
sent out to the Oxford University computing cluster to check the model code is

working and producing physically sensible results.

Beta — test: After having proved that the new 4-phase process was functioning,
there was the beta test. The model work units were made available to the public
via a separate website to climateprediction.net (http://cpdnbeta.oerc.ox.ac.uk).
This is to test that the whole downloading and uploading process is working
and check that the model executable runs on new versions of operating systems.
Each computer downloads a unique version of the model. It runs on the host
computer and trickles back results regularly and the final batch of the results
are returned to the CPDN servers when the model run of 60 years (the 4 x

15—year long phases) has completed.

CPDN launch: When it has been assured that all processes function as they should
and that the results are looking sensible, the models are released from the main
climateprediction.net website and the results of the models are returned to the

project database.

The download — upload procedure is illustrated in Figure 3.12. This project’s home-

page is located at http://www.climateprediction.net/science/hadsm3mh.php (Link
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valid September 2008). After the full ensemble has been returned to the project
servers, the results are freely available to download from http://results.cpdn.org. In

this way we provide the research community with invaluable resources.

Project servers

Your PC - 1) get instructions

2) download applications and input files

F |

3) compute

4) upload output files

Y

5) report results

Y

Figure 3.12: A simple illustration of how the process of downloading and uploading the
CPDN models work (http://climateprediction.net).

Climateprediction.net uses a platform called BOINC, i.e. the Berkeley Open Infras-
tructure for Network Computing. Many aspects of the BOINC platform makes it user
friendly allowing download and maintenance times to be kept at a minimum. The

downloaded BOINC package contains the four following modules:

1. The client: the interface between the remote servers, local package and the user.

2. Experimental control: this controls the shut down and restart of the model as
the user switches the computer off and on. It also handles the post processing

of the integration results which is returned to the project servers.

3. Visualisation: the graphical interface allowing the user to follow the model
integration in real time. The diagnostics viewable include surface pressure,

temperatures, precipitation and clouds.

4. Model: the model executable containing the model source code and ancillary

files.
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The recommended system requirements is 600 MBytes of available disc space, 256 MBytes
of RAM and hardware with 800MHz capabilities minimum. The model is available
for Linux, Windows and Mac. On the average desktop computer the simulation of

the full four phases of a total of 60 model years would take around 3—4 weeks.

The initial conditions (dtheta) in the model are also perturbed with ten different
values (0.03 < A# < 0.09). This is to sample the uncertainty in the starting climate
in the model. So each set of parameters, one model, is sent out in combination with
ten various dtheta values to produce a sub-sample of model variability averaging out
noise and quantifying sampling uncertainty. Changing the initial conditions does not
involve changing the model physics or the boundary conditions. Several models can
be run with different initial conditions and this group of models provide an insight
into the range of responses associated with an individual physics perturbation. Per-
turbing the initial conditions tend to give diverging short term forecasts, though for
long term climate forecasts the signal is reduced over the long term time averaging
(Collins and Allen, 2002; Palmer, 2000). This is known as predictability of the first
kind. The results of the ten models with the same parameter values but different
initial conditions are averaged. The ensemble size therefore becomes of ~2000 and is

the world largest 6kyBP perturbed physics paleo—ensemble.

Not all the model integrations distributed provide reliable results. Models are not

included in the analysis if

— The simulation contains contaminated data in associations with “over—clocking”,
or overworking the processor, or data loss due to computers loosing internet

connection or being switched off during critical data upload times.

— The modelled climate is drifting. Models with a drift of more than 0.02K/year in

the control phase is deemed unstable (Stainforth et al., 2005).
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3.7 Summary

This chapter describes how the already existing CPDN tool has been developed to suit
the needs in this project, by altering the source code to include four phases instead
of the three phases used so far in the CPDN slab experiments. The fourth phase
added is the paleo—phase, where the model is forced with mid-Holocene settings. The
distribution has been designed to make use of a selection of 100 models (see Sanderson
et al. (2008)) covering the full range of sensitivity values found in the original CPDN

ensemble. These models will be used in two set of runs, a four phases:

e In the first part of the distribution, each model will consist of four phases, each
of 15 years; a calibration, control, 2x [CO3] and a 6kyBP phase. Here the 6kyBP
phase is forced with reduced methane concentrations and most importantly an

altered orbital configuration.

e In the second part of the distributed experiment, the same 100 models are sent
out again, only this time there are some changes to the boundary conditions in
the 6kyBP phase. The models are run with four phases as in the first experiment
and in the mid-Holocene phase, the land — sea mask is changed around Hudson
Bay and the remnants of the Laurentide ice sheet is included in Eastern North
America. The land-sea mask changes were applied to all four phases due to the

heat convergence calculations done in the calibration phase.

After a and § —testing the models, they are distributed on the climateprediction.net
website for public download. The results are eventually uploaded onto the project

servers for analysis and made publicly available via the project’s results portal.



CHAPTER 4

Paleo-observational benchmarks

This chapter proposes a method for validating GCMs against paleo-observations for
the mid-Holocene. Six benchmarks are listed, which describe well - established char-
acteristics of the mid-Holocene climate. Various studies agree on these climatologies
for the period. Here, a global set of features are established to provide a frame-
work for testing the models. Paleo-environmental data provide qualitative and semi—

quantitative evidence of climatic change and stability.

There are other data available from 6kyBP, but some are non-conclusive about the
direction of the signal or the magnitude of change. E.g. there is the MOTIF
(Model Obervations to Test cllmate Feedbacks) data (Kim and Schneider, 2004) of
6kyBP North Atlantic sea surface temperatures. That compilation however, based
on alkenone and foraminiferal records, shows SSTs in disagreement with each other
in certain regions, e.g. opposite sign of change in SSTs at the same site. See Sec-

tion 4.4 for a description of rejected benchmarks.

The first section covers a summary of the global monsoon systems of 6kyBP. The
two most substantial databases are briefly introduced, as most of the six benchmarks

listed are featured in these global maps. One section has been devoted to valida-

95
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tions methods of ENA (Eastern North America). This benchmark is not proposed
as a routine, unless modellers are including the 6kyBP Laurentide ice sheet in their
simulations. An evaluation of uncertainties arising from the paleo-records is found in

Section 8.4.

4.1 The main paleo—data sets

Liu et al. (2004) make use of two global data sets, the Global Lake Status Data Base
(GLSDB) and BIOME 6000, to investigate the moisture budgets of the six monsoon
systems during the mid-Holocene. The BIOME 6000 data consists of pollen and
plant-macro fossils that have been radiocarbon dated and a global vegetation map
has been created based on this information (Prentice et al., 1996, 2000). The Global
Lake Status Data Base contains geomorphic and biostratigraphic evidence of changes
in lake extents (Kohfeld and Harrison, 2000). See sections 4.1.1 and 4.1.2 for more

information about these two essential data sets.

PAM is defined as Plant Available Moisture, i.e. it is a measure of the moisture
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Figure 4.1: Changes in PAM and regional aridity at 6kyBP (Liu et al., 2004). The top
panel is drawn from information from BIOME 6000 and the bottom panel from GLSDB
(Liu et al., 2004).
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availability during the growing season. In areas where cold temperatures inhibit
plant growth for part of the year, PAM is used to represent the water balance during
the half year over summer (Liu et al., 2004). In the tropics, PAM reflects the water
balance over the whole year, as temperatures is not a limitation on plant growth. The
constructed picture of changes in PAM at 6kyBP is shown in Figure 4.1. In the NH
(Northern Hemisphere) monsoon areas the lake and vegetation information agree on
the pattern of change in the mid-Holocene. From this it can be inferred that a large
increase in the monsoon precipitation, i.e. summer rainfall, dominated the annual

signal at 6kyBP.

4.1.1 BIOME 6000

Information on vegetation distribution changes can be derived from pollen and macro
fossil data. These dated sediments can provide spatially extensive coverage. The
BIOME 6000 project is an on-going project attempting to compile an extensive recon-
struction of the vegetation patterns of the mid-Holocene and Last Glacial Maximum
(LGM) (Prentice et al., 2000). Biomes are defined as broad physiognomic vegeta-
tion classes. According to Prentice et al. (2000), climate induced vegetation changes
modify the effects of radiative forcing on climate. The paleo-vegetation maps can
be used to evaluate modelling experiments and help design representative sensitivity

experiments.

The top panel in Figure 4.2 displays the present day vegetation pattern, the middle
the mid-Holocene vegetation, whilst the bottom panels shows the LGM vegetation
pattern. The vegetation is divided into 9 different mega biomes in these BIOME
6000 plots. A mega biome is simply several similar vegetation types grouped as one
broader unit. This re-definition of the biomes is due to the fact that most vegetation

models computes only a certain number of plant functional types and therefore discri-
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Figure 4.2: BIOME 6000 results. The panel shows the vegetation pattern of present
day, 6kyBP and 18kyBP (Prentice et al., 2000; Harrison et al., 2001; Bigelow et al., 2003;
Pickett et al., 2004). The colour coding is as follows: dark green - tropical forest, dark blue
- warm-temperate forest, pink - savanna and dry woodland, dark yellow - grassland and
dry shrubland, pale yellow - desert, green - temperate forest, blue - boreal forest, purple -
tundra and orange - dry tundra.



CHAPTER 4. PALEO-OBSERVATIONAL BENCHMARKS 59

TERRESTRIAL ARCTIC Modern Treeline
ENVIRONMENTS ~——— 8,000 year B.P. Treeline
6,000 YEARS B.P. - SUMMER @ Warmer than Present
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O same as Present

Figure 4.3: The Arctic terrestrial conditions (Kerwin et al., 1999). The Arctic summer
was warmer, up to 2-4°C in regions, during the mid-Holocene. ENA however, was ~1°C
cooler.

minate between fewer biomes. Where the Laurentide ice sheet was present at 6kyBP
in eastern Canada, as described in Section 3.4.2; the tree line was 200km further
south as seen in Figure 4.3 and found in the BIOME 6000 data (Kerwin et al., 1999),
(Prentice et al., 2000; Harrison et al., 2001; Bigelow et al., 2003; Pickett et al., 2004).

Figure 4.3 shows the terrestrial Arctic summer environments of the mid-Holocene.
The 8kyBP treeline is shown in green, whilst the present day treeline is in purple.
The white dots indicate regions where the temperatures were the same as present,
the blue dot in Eastern North America, ENA, cooler and the red dots where it was

warmer than present at 6kyBP. Much of the Arctic was warmer than present during
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summer, leading to a higher number of GDD (Growing Degree Days) for boreal forest

(Kerwin et al., 1999).

Northern temperate forest was expanded significantly more than the boreal forest at
6kyBP relative to today (Figure 4.2). Both warmer summers and warmer winters,
are needed to explain this kind of magnitude of the expansion in this region (Prentice
et al., 2000). In addition, a longer growing season with warmer temperatures are
needed for this biome to expand. In Europe the temperate deciduous forest border
was both further north and south. Regions that were more arid at 6kyBP, were
covered in steppe as opposed to present forest (Figure 4.4). Forest biomes flourished
during the Mid-Holocene in the present day steppe areas of south eastern Europe and
Central Asia. The areas observed to be wetter due to the enhanced monsoon flows at
6kyBP had more moisture demanding vegetation; inland China had extended forest

biomes and the Sahara had more of a Sahelian flora (Jolly et al., 1998a,b).

4.1.2 Global Lake Status Data Base

The Global Lake Status Data Base (GLSDB) is another global effort to gather infor-
mation on past climates from lake sediment cores including geomorphic and biostrati-
graphic data. Again the periods of concentration were the Last Glacial Maximum
(LGM) and the mid-Holocene. Figure 4.4 shows global maps indicating regions
where the local water balance was wetter, more arid or the same during these periods
(Kohfeld and Harrison, 2000; Harrison et al., 2003; Yu et al., 2001). Precipitation
minus evaporation changes results in fluctuations in water levels in lake basins, par-

ticularly in closed lakes.

Conditions were wetter than present at 6kyBP across northern Africa, the Arabian

Peninsula, Northern India. This is a signal of an expansion of the African and Asian
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Figure 4.4: Global Lake Status Data Base. The maps shows changes in the water balance
compared to presently during a) the mid-Holocene and b) 18kyrBP (Kohfeld and Harrison,
2000; Harrison et al., 2003; Yu et al., 2001).

monsoons. Conditions were somewhat wetter in the southern hemispheric middle lat-
itudes, in addition to the Mediterranean areas. North America’s interior and western

and central Europe was drier during the mid-Holocene than present.

Changes in lake status can give information on changes in the regional water balance

integrated over the whole year (Cheddadi et al., 1997). Variations in continental and
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regional aridity and moisture can be derived from fluctuations in water levels (Smith
and Street-Perrott, 1983). Changes in the moisture budget can especially have an im-
pact on closed lakes. The present mean position of major features (e.g. the ITCZ) can
be directly related to the spatial distribution and extent of such lakes (Street-Perrott
and Harrison, 1985). Lake level variations and regional water budget reconstructions

can be used to test GCM experiments (Harrison, 1989).

Evidence of increases in precipitation can be seen in lakes by an increase in certain
minerals that have been transported to the lake through drainage channels (Kirby
et al., 2004). Mineral rich deposits in the lake cores are hence signifying a period with
increases in precipitation minus evaporation and higher lake levels. Fluvial input is
strongly related to the moisture budget and increases in the mineralogy deposits in-
dicate a stronger inflow or through-flow in a lake (Haberzettl et al., 2007). Closed
lakes present the most easily detectable signals of P-E changes, then lakes with inflow
channels, and when considering lakes with an incoming and outgoing drainage system

lake map modelling for the specific lake is needed to investigate past P-E changes.

Changes in lake height, Ah, can be represented by:

Ah=P+R-S—E. (4.1)

P is precipitation directly onto the lake, R is runoff into the lake from the sides
(depending on local geography) and in— and outflow from rivers, S represents the
seepage, i.e. most lakes leek through ground water outflow (usually a very small
term), F is the evaporation (Larson et al., 2007). The terms are in units of depth av-
eraged over the relevant area. This equations is different for every lake, depending on
local geography, including river routing. The evaporation is affected by atmospheric

temperature, humidity, winds and temperature of the lake water. For a lake with a
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stable water level; R = P — E (Weisse and Oestreicher, 2001).

4.2 The Benchmarks

The BIOME 6000, GLSDB and other data sets are used to derive 6 benchmarks,

which any successful model of 6kyBP climate should be able to simulate.

4.2.1 Benchmark 1: The European latitudinal temperature

gradient

Mid-Holocene paleo-observations show a mean annual warming of the European high
latitudes and a cooling in southern parts, the Iberian peninsula and the Mediter-
ranean coastline in particular, compared to the present. This pattern is also true for
the winter season with the winter temperatures 1-3°C warmer than present in the
far northern and northeastern parts of Europe and 2-4°C cooler in the vicinity of
the Mediterranean (Cheddadi et al., 1997). The modern pollen analogue technique
constrained with lake-level data has been used to create climatological maps of Eu-
rope at 6kyBP in work done by Cheddadi et al. (1997). A map of the reconstructed

temperature anomaly of the coldest month is shown in Figure 4.5.

The statistical inverse modelling technique used to obtain this map is the same general
approach as widely used by the paleo-climate community. The proxy data, here pollen
data, has been used to infer temperature anomalies which can be directly compared
to the GCM simulations. Lake level data has been used by Cheddadi et al. (1997) as
a constraint on the modern pollen analogue selection. Corrections have been made
for bias due to upward pollen transport in high altitude sampling sites and a topo-

graphically sensitive interpolation method was used to construct the anomaly map.
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Figure 4.5: Benchmark 1- The constrained analogue reconstruction of European tempera-
ture differences of the coldest month between 6kyBP and present (Cheddadi et al., 1997).

The inferred winter temperature anomaly patterns are consistent with the findings of
Prentice et al. (1996) and Huntley and Prentice (1993). Figure 4.5 is a spatially co-
herent, quantitative estimate of the 6kyBP winter temperature anomalies and can be
directly compared to the model results. Ideally the models should simulate both the
pattern and the magnitude correctly. As the forward modelling might induce further
uncertainties to the observations, one might perhaps have a higher confidence in the
pattern than the magnitudes. Hence a model capturing a cooling in the southwest
and warming in the northeast does have some skill even if the magnitudes are not

correct c.f. Cheddadi et al. (1997).

4.2.2 Benchmark 2: Expansion of the North African

Monsoon

Perhaps one of the most prominent features of the mid-Holocene climate is the ex-
pansion of the North African Monsoon at the time (Figure 4.1). This is evident in
both the GLSDB and BIOME 6000 data. Joussaume et al. (1999) estimated using

inverse forward modelling techniques that in order to maintain the observed 6kyBP
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steppe as far as 23°N, an increase in precipitation of 200-300mm /year compared to
present is needed. Hoelzmann et al. (1998) found from the GLSDB that lakes covered
around 6% of the total land area of northern-Africa between 10-30°N. Presently the
same region is covered with <0.6% lakes. The vegetation and lake evidence combined
suggest that the observed changes were driven by an increase in the summer precipi-
tation from the monsoon resulting in an year round increase in the moisture budget

(Liu et al., 2004).

Hoelzmann et al. (1998) created a data-set based on various paleo-observations de-
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Figure 4.6: Benchmark 2- The African 6k Land Surface Conditions Data (Hoelzmann
et al., 1998), including information on the annual precipitation excess needed for steppe to
dominate over desert at these latitudes [mm/year] panel on the right). The modern and
mid-Holocene distribution of biomes zonally averaged is shown. Four biomes are considered

here; desert, steppe, xerophytic woods and savannah. Data has been zonally averaged
between 10-30°N over Northern Africa and the Middle East.

scribing the land-surface conditions at 6kyBP across the Arabian Peninsula and
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northern Africa; 10-30°N and 17°W-60°E. The data are on a 1x1° grid displaying
information about the percentage of each grid cell filled by a certain type of surface
characteristics; e.g. open lakes, wetlands, flow direction of major drainage channels
and vegetation types. The vegetation types include savannah, steppe, tropical de-
ciduous forest, xerophytic woods and shrubs, and tropical montane evergreen forest.

This gridded data set can be compared to model simulated surface conditions.

It is evident that the more moisture demanding biomes existed up to 10° further north
during the mid-Holocene (Figure 4.6). Also, the Saharan southern desert boarder
was 10° further north; at 25°N. Steppe covered a much larger region and was found

across 13-28°N, as opposed to 13-17°N presently.

The panel on the right in Figure 4.6 shows the zonally averaged annual precipi-
tation rate difference [mm/year] between 6kyBP and OkyBP needed to explain the
observed vegetation changes in the BIOME 6000 data (Joussaume et al., 1999), based
on forward—modelling and inverse techniques. The shaded region indicates the upper
and lower bounds for excess precipitation needed to sustain grassland. This is based
on present day climate limitations of desert and steppe in the paleo-ecological records.
Northwards of ~17°N the mid-Holocene needed as much as 250-300mm/year more
precipitation than present to sustain the vegetation observed. This amount of precip-
itation makes a difference to the vegetation allowing the more moisture demanding
steppe biome to dominate over the desert. These estimates are consistent with esti-
mates of the runoff required to maintain the observed increase in lake levels at the

time (Coe and Harrison, 2002).

This information can be used to validate climate models. Either by directly compar-
ing the zonally averaged precipitation anomaly to the data, or by running the model

results through an offline vegetation model, e.g. BIOME4 and zonally average the
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resulting biomes. It should be noted, however, that zonally averaging does not make
for optimal use of the available information from the proxy database. The models
should capture a 6kyBP excess of 200-300 mm/year in precipitation northwards of

~17°N. If BIOMEA4 is used, a 10° northwards shift in the southern desert boarder

should be seen in the model results and a 10° northwards expansion of steppe.

4.2.3 Benchmark 3: Expansion of the North American

Monsoon
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Figure 4.7: Benchmark 3- The expansion of the North American Monsoon (Sjostrom et al.,
2004). The figure shows which areas were wetter, drier or the same as presently at 9kyBP
in the figure on the left and at 6kyBP (figure on the right). The labelled stars indicate
ferricrete (a mineral conglomerate) sample sites.

The North American monsoon also experienced changes during the mid-Holocene.
Both the vegetation data from BIOME 6000 and the lake data from GLSDB indicate
that central America, the American Southwest and northernmost South America ex-
perienced wetter conditions. This area was surrounded by a crescent shaped region of
increased aridity. This pattern resembles the North American monsoon today during

stronger than usual monsoon years. The Pacific northwest, through the interior plains
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of southern Canada and the central plains of North America was drier according to
the paleo-records (Liu et al., 2004). Harrison et al. (2003) noted that this crescent
shaped aridity is also found in data that indicate a reactivation of the dune-systems
and increased levels of aeolian activity, i.e. wind driven geological processes, during

the mid-Holocene.

This increased aridity in the Great Plains and Rockies is seen in pollen records, aeo-
lian proxy variables in lake cores, and active sand dune migration (Dean et al., 1996).
A peak in the aeolian activity around 6kyBP has been noted in observations from
Minnesota. Pollen, plant macrofossil data and lake level data provide evidence that
the NAM (North American Monsoon) was stronger than today in the Southwest and
Southern Rocky Mountains. Isotopic data from the southern Rocky Mountains specif-
ically indicate enhanced summer rainfall. This is indicated in the figure by Sjostrom
et al. (2004) (Figure 4.7). The increased monsoonal activity was dynamically cou-
pled with increased aridity in southwestern Canada, the northern Great Basin and
the upper Great plains of the US to the northeast. This is also seen in the GLSDB

(Figure 4.4).

This information can be used to look for a change in the AP—E budget in the models.
We seek to detect a pattern of increased AP-E of ~0.754+0.25mm/day in northern-
most South America, Central America and the American Southwest. This should be
surrounded by a belt of no change moving over into drier conditions. Here the models

need to capture the correct sign of change, i.e. AP-E< 0.

4.2.4 Benchmark 4: Changes in the East Asian Monsoon

The East Asian Monsoon is the interplay of the convergence of the southerly warm

moist air masses and colder and drier northerly airflow from higher latitudes. Ac-
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cording to Tao and Chen (1987), the intensity of the summer monsoon over China
is governed by the northwards penetration of the monsoonal rainfall belt into the

continental interior.

Reconstructions of MAP (Mean Annual total Precipitation) indicate drier or similar
conditions in the north and northwest and large parts of China experiencing a pos-
itive anomaly in the moisture budget at 6kyBP (Guiot et al., 2008) (Figure 4.8).
This reconstruction is based on pollen data only, using a mechanic inverse modelling

technique. Large circles indicate high significance levels.
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Figure 4.8: Benchmark 4- Climate reconstructions of the 6kyBP China (Guiot et al., 2008).
Inverse modelling methods were used to construct the maps of mean annual temperature
(MAT) as seen in the bottom panel [°C] and total annual precipitation (MAP) [mm/year].

An enhancement of the Asian monsoon is also indicated by coral records from the East

China Sea (Morimoto et al., 2007). Stalagmite records provide additional evidence
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Figure 4.9: Benchmark /- A map of the moisture records from China at 6kyBP (An et al.,
2006). The limits of the modern monsoon front, indicated in the dashed line, is from Wright
et al. (1993). The long dashed line show the maximum extent of the monsoon during the
Holocene. Black dots indicate wetter conditions.

of an increase in rainfall in southern China during the middle Holocene (Hu et al.,
2008). Jiang and Liu (2007) found that the monsoon retreated southeastwards during
the Holocene and that the summer monsoon front retreated around 400-550km in the
period of 6500 — 4500 years B.P. The drying out of northern parts of China started
in the early Holocene, as found in various studies, e.g. An et al. (2000); Chen et al.

(2003); Jiang et al. (2006).

The Tibetan Plateau and Xinjiang regions were wetter than presently at 6kyBP (An
et al., 2006) (Figure 4.9). Though the desert, arid and semi-arid regions across
China were drier at 6kyBP according to An et al. (2006), whilst the monsoon ex-
tended further inland than presently and had a stronger rainfall rate. So in desertous
regions the evaporation exceeded the precipitation rate even under these expanded

East Asian monsoon conditions.

The mid-Holocene retreat of the Asian Monsoon has been linked to the gradual de-

crease in the summer solar insolation at the time (An et al., 2000), reducing the



CHAPTER 4. PALEO-OBSERVATIONAL BENCHMARKS 71

thermal contrast between the land and the ocean and hence reducing the monsoon

flow.

Realistic models should capture a spatial pattern of increased precipitation in south-
western and southeastern China. The magnitude should be of around +0.75 + 0.25

mm/day.

4.2.5 Benchmark 5: Central Eurasian moisture budget

Various paleo-observations indicate no major change in the moisture budget across
central Eurasia (Tarasov et al., 1998; Prentice et al., 2000). The region was covered in
roughly the same amount of steppe as presently during the mid-Holocene, signalling

no significant change in the local hydrology (Figure 4.2).

Taiga reached its modern range in central and southern Siberia and northern Mongolia
during the mid-Holocene (Figure 4.10). The steppe biome also encompassed the
same area at 6kyBP as at present. Arid conditions north of the Aral Sea (Kazakhstan)
and western Mongolia also covered a similar area as presently (Tarasov et al., 1998).
Mid-latitudinal former Soviet Union biomes also remain broadly the same presently

compared to the mid-Holocene (Figure 4.11).

The evidence of steppe covering the same area across central continental Eurasia at
the time signifies no major change in the regional water budget. This information is
valuable in the process of validating the model simulations. AP-E=0 +50mm/year

is what the models should capture in this region.
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[ Temperate Deciduous Forest
B Cool Mixed Forest

Figure 4.10: Benchmark 5- Present day (a) and 6kyBP (b) biome distributions derived
from pollen and macrofossil data (Tarasov et al., 1998). Steppe and taiga were the main
biomes at 6kyBP, as it still is today at mid-latitudes.

4.2.6 Benchmark 6: Reduction of the South American

Monsoon

The more limited spatial data coverage of South America makes comparisons to model

simulations more challenging. Data from the region is limited, which makes this a
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Figure 4.11: Benchmark 5- Pollen derived biomes from 6kyBP and OkyBP (Tarasov et al.,
1999). The middle latitudinal biomes are the same for both periods.

weaker constraint on the models compared to the other benchmarks. The paleo-
observations from subtropical South America show a rather different picture from
the other monsoon regions at the time. There is a consistent signal in the data from
southeastern Brazil, where the GLSDB show that the conditions were somewhat drier
than today. There is also some stalagamite records supporting this (e.g. Haug et al.

(2001); Cruz Jr. et al. (2005)). A drier Amazon basin signal seems to be consistent
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with a marine sediment core of the Amazon river discharge (Maslin and Burns, 2000).

The paleo-climatic reconstructions of South America are more geographically diverse
than elsewhere, possibly due to the strong climatic influence of the Andes Mountains.
Markgraf (1991) synthesised the Holocene paleo-climate for most of South America
south of 30°S and found that at 6kyBP climate of the southern Andes shifted towards
drier conditions. At low latitudes summer precipitation was higher. Overall, however,

the South American moisture budget was reduced compared to present at 6kyBP.

Early-Mid Holocene
aridity

Arid episode
between 8 & 3 ka BF

Ecotonal are

Figure 4.12: Benchmark 6- Aridity in the early — mid-Holocene in South America (Mayle,
2007). The red dots are observational sites of drier conditions compared to today, white no
change and blue wetter conditions.

Various studies, including Behling and Hooghiemstra (2001); Mayle et al. (2000);
Mayle and Power (2008), have found indications that South America was drier than
presently. Measurable, but limited (<15%) reduction of the Amazonian rain forest is
observed for the mid-Holocene and the south eastern areas was experiencing intense
fires (Behling and Hooghiemstra, 2000, 2001; Mayle et al., 2004). Evidence arise from

a multitude of proxies e.g. peak dust concentrations and snow accumulation minima
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in Andean ice cores (Thompson et al., 1998), oxygen isotope ratios in lacustrine cal-
cite (Seltzer et al., 2000), and diatom, seismic and geochemical evidence indicating
lower lake-levels. The lake levels of Lake Titicaca have been found to have been 85m
lower than today (Rowe et al., 2003). This evidence all suggests drier conditions
during the middle Holocene. Dry events have been recorded in various paleo-data
in tropical South America throughout the past 7,000 years according to Turcq et al.
(1998). The red dots in Figure 4.12 shows proxy data sites with evidence of a dry

anomaly during the mid-Holocene (Mayle, 2007).

Realistic 6kyBP model runs should therefore have a drier than present South Amer-
ica, in particular South Brazil, though uncertainties in proxy data does not allow a

magnitude to be placed on this drying.

4.3 Benchmarking Eastern North America — the

ice sheet experiment

Wohlfahrt et al. (2008) describe the need to run mid-Holocene experiments with
inclusion of Laurentide ice sheet remnants to fully understand the complex climate
of the region. Their analysis indicates the importance of the ice sheet remnants to
make full use of the available pollen vegetation reconstructions from eastern North
America. Early Holocene experiments including permanent ice over eastern Canada
have shown that the ice has a “non-negligible” effect on the regional climate (Mitchell
et al., 1988). The PMIP 2 models simulate a northwards expansion of temperate
forest, with a decline in boreal forest as a result of the winter warming. This matches
the pollen data, but the northward expansion is overestimated (Wohlfahrt et al.,

2008), possibly due to the lack of the inclusion of the Laurentide ice.
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Viau et al. (2006) use an extensive collection of fossil pollen records from terrestrial
sediments, lakes and bogs to estimate the July temperature changes in North America
during the Holocene. The results show a rapid increase in July temperatures in North
America at 6kyBP of about 0.3 — 0.4K over ~200-300 years followed by a more gradual
increase of temperatures reaching maximum (the so called HTO — Holocene Thermal
Optimum) at around 3kyBP. The broad outline of the Holocene climate indicates a
thermal maximum around 6kyBP as ice sheets were no longer a major forcing factor
globally (Viau et al., 2006). This is not the case for Eastern North America, however,
due to the remnants of the Laurentide ice sheet. Also the surface conditions take

some time to recover/ change after the retreat of the ice masses.
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Figure 4.13: Lake level data for eastern North America, showing conditions wetter on
average than today during the late glacial period, then becoming rapidly drier after 10kyBP.
Maximum aridity occurred at 6kyBP. The return to wetter conditions occurred gradually,
with lake levels similar to today by 2kyBP (after Harrison (1989)).

Pollen and sediment analysis from North American lakes reveal significant variations
in the climate during the Holocene. The main factors causing these changes are the
retreat of the Laurentide ice sheet and the orbitally induced changes in insolation.
These forcings lead to changes in the regional climate and in turn caused the changes
in vegetation and regional water budgets. The lake-level data, determined by sed-

iment core analysis and mapping paleo-shorelines, from Maine and eastern North
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Figure 4.14: Percentage change in 6kyBP mean annual precipitation compared to presently
based on pollen data (after Webb et al. (1993)). Note the 20-30% decrease in precipitation
in the Labrador area.

America show that conditions were on average wetter than today during the late
glacial period, then became rapidly dryer after 10kyBP, with a maximum aridity,
indicated by low lake levels, occurring at 6kyBP (Figure 4.13). There was a gradual
development into wetter conditions and the lake levels reached similar levels to to-
day by 2kyBP (Harrison, 1989). Filby et al. (2002) found that the simulated 6kyBP
lake levels were mostly affected by a decrease in winter precipitation rather than an
increase in the temperatures, as they used a hydrological model to simulate regional

lake level changes.

Figure 4.15 shows the zonally averaged observed changes in four vegetation types

across eastern North America (60-90°W; 40-55°N) (Wohlfahrt et al., 2008) based on
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pollen and macro—fossil data from PAIN (Pan Arctic INitiative) and BIOME 6000.
Cool mixed forest and cool evergreen needle-leaf forest grows further north today by
5-7°. The observations show a southwards migration of the tree-line and a south-
wards expansion of tundra, a symptom of the local changes in growing — degree —

days.
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Figure 4.15: Zonally averaged biomes across ENA (Wohlfahrt et al., 2008). Note the
6kyBP southwards contraction of cool forests compared to presently.

If a vegetation model is used, realistic model simulations should show a contraction
of the cool evergreen needleleaf forest and a southwards shift of the cool mixed forest,
as seen in Wohlfahrt et al. (2008). Kerwin et al. (1999) show how the ENA summer
temperatures were 1°C cooler at 6kyBP compared to today, whilst the rest of the
Arctic was mostly warmer. Figure 4.14 shows the percentage changes in precipita-

tion during the mid-Holocene compared to presently (after Webb et al. (1993)). It
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shows a pollen — climate response surface based on 60 fossil pollen data sites. The
pollen data has been checked against evidence of water level fluctuations (Webb et al.,
1993). The models including for the expanded Hudson Bay and Laurentide ice sheet

should simulate a regional cooling and drying in ENA.

4.4 Unused potential benchmarks

This section briefly describes other mid-Holocene observational benchmarks that are

of interest, though not used in this project.

4.4.1 Arctic treeline changes

During the mid-Holocene the Arctic forest — tundra border was further north than
present in Europe (Prentice et al., 1996), western and central Siberia (Texier et al.,
1997), (Tarasov et al., 1998) and in the Mackenzie Delta region (Figure 4.3). Where
the Laurentide ice sheet was present at 6kyBP in eastern Canada, the treeline was
around 200km further south, as seen in Figure 4.3 and found in the PAIN and
BIOME 6000 data (Kerwin et al., 1999; Bigelow et al., 2003; Harrison et al., 2001;
Pickett et al., 2004). This paleo-information can be used in two ways; the model
results can be fed into the offline vegetation model BIOME4. This way we can see
if the treeline is shifted further northwards in Siberia and further south in ENA
(Québec/ Labrador). This would be a quantitative comparison, though not a direct
one, as the modeled climate goes through another model to give us the result and
more uncertainties arise this way. The other way of inspecting this observed change
is to calculate the GDD and look for an increase in the mid-Holocene phase compared

to the control.
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The robustness of this benchmark can be questioned as it is based on pollen data
only and a change of 200km is comparatively small, keeping in mind that wind-borne

pollen can travel large distances.

4.4.2 East African moisture budget increase

According to the Global Lake Status Data Base the eastern coast of Africa’s lakes
had higher water levels than presently (Figure 4.4) (Kohfeld and Harrison, 2000;
Harrison et al., 2003; Yu et al., 2001). Evidence of increased 6kyBP precipitation
levels has also been found in several peat bog sequences in equatorial East Africa
(e.g. Beuning and Russell (2004)) and oxygen isotope data from Mounts Kilimanjaro
(Thompson et al., 2002) and Kenya (Barker et al., 2001). The precipitation changes
in east Africa were not as substantial as in northern Africa (Peyron et al., 2006). In
the region of 28 — 31°E and 0 — 10°S various reconstruction techniques (e.g. PFT
method and best analogues method) have yielded an annual precipitation increase
of up 300mm/year in eastern Africa, whilst in Sahara and Sahel the same methods

found twice that increase at 6kyBP.

This benchmark is not used here due to time constraints and as efforts are are being
focused on the northern climates on this continent. It has also been suggested that
GCMs are not able to simulate the 6kyBP increase in east African precipitation due
to the underestimation of the topography in the models, i.e. the Mitumba Moun-
tains, including Kilimanjaro, are too low in the models (Peyron et al., 2006). This
underestimation means that the monsoon flow is not affected enough by topography

and the monsoon flow would penetrate too far to the east over the oceans.
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4.4.3 Reduction of the Amazonian rain forest

Measurable but limited (~ 15%) reduction of the Amazonian rain forest is observed
for the mid-Holocene (Behling and Hooghiemstra, 2000; Mayle et al., 2004; Behling

and Hooghiemstra, 2001). This is seen in pollen and isotopic data.

This feature is neglected in this study due to the overlap with the benchmark regard-
ing the reduction in the South American Monsoon and due to the small magnitude

of change and that no vegetation model is used in this project.

4.4.4 North Atlantic SSTs

A data base of changes in 6kyBP sea surface temperatures compared to present
has been compiled and contains 17 alkenone records, as previously compiled by the
GHOST project (Global Holocene Spatial and Temporal climate variability) (Kim
and Schneider, 2004) and 12 foraminiferal records. From a few cores in the record
both alkenone and foraminiferal data have been derived. For the foraminiferal data
two SST estimates exist derived from two different transfer function techniques, i.e.
maximum likelihood and modern analogue technique, to illustrate the magnitude of
differences that can result from the choice of calculation method. The statistical error
is close to £1°C (Kim and Schneider, 2004), which is of comparable magnitude to, or
larger than, the 6kyBP SST changes in places. This benchmark is not used due to the
large uncertainties in the observations and because the data disagree on the sign of
change in certain locations. Additionally, the sediment cores are typically extracted
around coastlines and islands, which are not that well represented in the model due
to the resolution. Some SST observations are from locations that are represented as

land in the model.
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4.5 Summary

A set of robust features of the mid-Holocene climate have been identified. Modellers
should routinely check their GCMs against these. The characteristics are largely
agreed upon by the paleo-community and cover various, observation rich parts of the
globe. The two largest data-bases, GLSDB and BIOME 6000, have been introduced
in this chapter, as the majority of the benchmarks are partly, if not entirely based on
these global networks. T'wo methods for testing the models against the six 6kyBP cli-
mate patterns have been proposed: visual map—map comparisons and area—averages.
For the model ensemble presented in the rest of this thesis I have used the following

seven benchmarks:

1. European winter temperature anomaly of a 2-4K warming in the northeast and

1-3K cooling in the southwest.

2. Expansion of the North African Monsoon with a 6kyBP precipitation excess of

200-300mm /year as a zonal average north of ~17°N.

3. An increase in the East Asian Monsoon of 0.75+0.25mm/day in southwest
China.

4. No major changes in the moisture budget across mid—latitudinal Eurasia.

5. An increase in the North American Monsoon with a crescent shaped region of
an increase in the moisture budget of 0.75+0.25mm/day extended to 30-35°N

surrounded by a region of no change, then an increase in aridity.
6. Drier conditions in South America

7. Cooler and drier conditions in Eastern North America; a regional summer cool-

ing of —1K and a 10-30% reduction in precipitation in Québec and Labrador.
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The limitations of the paleo—environmental data include limited spatial coverage and
incomplete understanding on how records reflect climate. This can give rise to ap-
parent disagreement between data types, which is why a set of robust features are
identified. The paleo-record sample distribution can slightly bias temperature re-
constructions by over-weighting certain regions, which is something to keep in mind

when dealing with the paleo-observations (Viau et al., 2006).



CHAPTER 5

Evaluation of the First Ensemble

Results

This chapter presents the initial results from the first ensemble experiment where the
6kyBP models have been forced with an altered orbital configuration, as described
in Section 3.6. The models were distributed to volunteers and the results from the
100 models are analysed in the following chapter and validated after the method de-
scribed in Chapter 4. Firstly the ensemble’s control models are checked against the
ERA-40 reanalysis data. The ensemble response in terms of climatological means
and standard deviations is then assessed, before the ability of the various model runs
to meet the six benchmarks are evaluated. The differences between the 6kyBP and
control models are plotted as the proxy data indicate how past climates differed from
the modern climate and not what the past climates were like explicitly. The ensem-
ble standard deviation is also shown to illustrate the variations across the ensemble
due to the parameter perturbations. Regarding the sub-ensembles of initial condi-
tion perturbations, the CPDN method is to take models with the same atmospheric
parameter values and different initial condition values and average them to represent

one model (or one set or parameter values/ perturbations) in the rest of the analysis.

84
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For each 6kyBP climatic feature each models’ results have been plotted, but only the
ensemble mean and standard deviation are printed here. A model case study of the

best performing model is also presented in this chapter.

The full ensemble had not been returned at the time of analysis. 70% of the returned
models are used in the analysis presented in this chapter containing no duplicates
to avoid over-representing any models. The models that had been successfully re-
turned to the database and their sensitivity values as found from the 2x[CO,] phase
are plotted against each other in Figure 5.1. Model number is plotted against its
corresponding sensitivity value.
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Figure 5.1: The sensitivity values corresponding to each model in the ensemble. Model
number is plotted against its corresponding sensitivity value as found by comparing the
2x[CO2] model phases to their control runs. This is the set of parameter combinations
derived in Sanderson et al. (2008).

These parameter settings were, as explained in Section 3.5, were found to produce
the climates that are closest to modern observations in each 0.1K sensitivity bin.
Here the validity of Sanderson et al. (2008)’s artificial neural network is tested and
it is seen from the plot that the models do lie in a quasi-straight line. The linear
regression has a correlation coefficient of 0.92. Model 1 is the model with the default

parameter values after the CPDN standard. This model has a climate sensitivity
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of 3.6K. The climate sensitivity values found in the ensemble is plotted against the
sensitivity values derived from the artificial neural network in Sanderson et al. (2008)

(Figure 5.2).
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Figure 5.2: The sensitivity values as found in this ensemble versus the sensitivity values
from the Artificial Neural Network (ANN) developed by Sanderson et al. (2008).

5.1 Comparing the control runs with reanalysis

data

Firstly the ensemble mean control simulations are compared against the reanalysis
data from ECMWF, i.e. the ERA-40 Atlas, using observations from 1979-2001 as
this period contains the highest quality and density of observations. The control
runs were thoroughly checked against observations, including the ERBE data and
the NCEP/NCAR reanalysis data, in work by Sanderson et al. (2008). This is why
the ensemble is here only briefly checked against modern observations to test that
the results are sensible enough for further analysis. The ERA—40 Atlas is provided
by the combined model and analysis approach of the data—assimilation system where

external information from observations and boundary conditions are incorporated.
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There are some known issues with this data set, however, due to the spin-up methods
used (Troccoli and Kallberg, 2004). There is a shortcoming in the humidity scheme
used in the assimilation system resulting in too strong precipitation, according to
Troccoli and Kallberg (2004). This is particularly an issue over the tropical ocean
and for the period succeeding 1991 compared to independent observations. The reason
for this overestimation is due to a fundamental issue with the moisture variational
analysis in areas with a high observational density. The onset of the satellite era
brought this on with the sudden relative abundance of atmospheric humidity obser-
vations. The largest discrepancies in the data set is found in the ITCZ, i.e. +30°
latitude. The differences between the ERA-40 and GPCP (Global Precipitation Cli-
matology Project) data are of ~2-7mm/day over the tropical oceans (Troccoli and
Kallberg, 2004). The precipitation is also overestimated in the ERA-40 data over

Africa of ~bmm/day between 10°S and 10°N.

The ensemble annual mean air temperature at 1.5m from the control runs compares
well to the 2m air temperatures from ERA-40 (Figure 5.3). E.g. both the 0 and
25°C modelled isotherms follow the reanalysis data closely. Though in Finland and
the neighbouring far northwestern corner of Russia the 0°C isotherm is ~2° too far
south in the HadSM3 ensemble. The winter temperatures in the ensemble of control

models match the reanalysis data well in this region, however (not shown).

The reanalysis temperatures are from 2m above the surface, whilst the HadSM3 data
are from 1.5m. This difference of 0.5m could mean that the modeled temperatures
are somewhat warmer than the reanalysis data, though this is possibly offset by the
fact that the control run temperatures are pre-industrial and the reanalysis data use

observations from 1979-2001.

The ensemble annual mean total precipitation rate shows similar behaviour to the
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Figure 5.3: (a) The ensemble annual mean surface (1.5m) air temperature from the control

runs, i.e. pre-industrial, and (b) the 2m annual mean air temperature from the ERA-40
reanalysis from the period of 1979-2001.

ERA-40 Atlas (Figure 5.4) with the shape and magnitude of the storm track pre-
cipitation and the placement of the ITCZ. The ensemble mean maximum precipitation
peaks are somewhat lower than ERA-40, however, in Indonesia and Central Amer-
ica. The precipitation rate in ERA-40 is overestimated in this region, however, with
as much as 7-10mm/day in Indonesia (Troccoli and Kallberg, 2004). The summer
(JJA) rainfall is well modelled compared to the ERA-40 data as well (not shown).

The overall effort from the control models is deemed satisfactory for the purposes of
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Figure 5.4: The ensemble annual mean control precipitation rate [mm/day] and the total
annual precipitation from the ERA—40 reanalysis from the period of 1979-2001.

this study.

The modelled control annual mean evaporation minus precipitation rate is in good
agreement with the reanalysis data, in particular over the oceans, though less so than
precipitation (Figure 5.5). Over land there are some small magnitude discrepancies
in central north America, southern south America and Australia. The modelled con-
trol JJA E-P budget (not shown) coincides well with the ERA-40 data, including

the monsoon regions of interest in this study.
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Figure 5.5: The ensemble annual mean evaporation minus precipitation [mm/day]| from

the control runs, i.e. pre—industrial, and from the ERA—40 reanalysis from the period of
1979-2001.

5.2 Ensemble results

The change in the orbital configuration results in an ensemble mean warming in high
latitudes, the Arctic in particular, where the annual average displays a warming up to
3°C (Figure 5.6(a)). In the sub-tropics, the temperatures are cooler over land, by
as much as 2°C in places, where there is an increase in the cloud amount due to the
intensification of the monsoons. Annually there is a decrease of 0.5-1Wm~2 at the

latitude band of £30° in the insolation due to the change in the orbital configuration.
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These responses are expected due to the increase insolation, and similar results have
been observed in the PMIP ensemble (Braconnot et al., 2007b). North of 60°N there

is an annual insolation increase of 2-4Wm™2.

Ensemble mean T [K]

90S T T T T T
180 120w 60W 0 60E 120E 180

-3 -25 -2 -15 -1 -0.75-0.5 0.5 0.75 1 15 2 25 3 35

(a) AT Annual

(b) o
Figure 5.6: The ensemble annual mean surface (1.5m) air temperature change (i.e. 6kyBP—
control) and the corresponding standard deviation.

The largest variations in temperature between the model runs in the ensemble are
found at high latitudes, where the standard deviation reaches 1°C in places

(Figure 5.6(b)). The inter-ensemble standard deviation gives an idea of the mod-
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elling uncertainties resulting from the parametrisation in the models. It does not
reflect uncertainties due to the imposed boundary conditions, however. Standard
deviations smaller than the mean change gives us some confidence in the model pre-

dicted changes.

The ensemble simulates an amplification of the seasonal cycle in the NH surface
temperatures, with the strong continental 6kyBP warming during boreal summer
(Figure 5.7(a)) and an continental cooling during DJF. Northwards of ~20°N there
is an increase of more than 20Wm ™2 in the summer at 6kyBP resulting in the observed
warming in the models. The maximum warming is found over Eurasia, the Middle
East and Eastern Europe. The DJF continental cooling has a maximum within the
subtropics where the change in insolation has the largest effect. This contributes to
strengthen the winter monsoon. In DJF there is a 12-20Wm~? reduction in the inso-
lation southwards 30°N encouraging the continental cooling. The colder NH winter
continents results in an amplification of the precipitation over the ocean and a slight
drying over the continent (Figure 5.9).
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Figure 5.7: The ensemble mean temperature anomalies in boreal summer and winter.

The ensemble is characterised by large changes in the hydrological cycle in the tropics
(Figure 5.8(a)). There is an annual northwards shift in the ITCZ (Inter Tropical

Convergence Zone), except in Asia, where there is a southwards shift. The intensifi-
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cation in the Indian Monsoon, can be seen in the annual anomaly. The increase in
cloud cover from the intensified monsoons and the increase in the evaporation rate
both contribute to lower the air temperatures. In parts of the North Pacific, there

is an annual reduction in the rainfall rate anomaly. The standard deviation is up to
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Figure 5.8: The ensemble mean annual precipitation rate anomaly [mm/day] and the

standard deviation.

1.5mm/day and there is some variation across the ensemble in terms of the spatial
precipitation rate anomaly pattern (Figure 5.8(b)). This is to be expected, as pre-
cipitation is a noisy field. The largest spread between the models is found across the
+30° latitude belt where the rainfall is predominantly convective and the ITCZ is a

governing climatic feature.
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Figure 5.9: The ensemble mean precipitation rate anomalies in boreal summer and winter.

Figure 5.10 shows 6k—control global mean temperature [K] and precipitation rate
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[mm/day]| time-series. There is a decrease in the precipitation rate during north-
ern summer and an increase during boreal winter globally. The largest increase in
temperatures is during the boreal autumn and the largest decrease is during spring,
indicating the shift in the 6kyBP seasons. The changes in the longitude of the per-
ihelion results in an increased length of the polar nights and the periods of Arctic
midnight sunshine. A more of a two—seasonality is seen in the 6kyBP simulations with
rather brief intermediate warmth seasons. As the orbital configuration is changed in
the 6kyBP models, the insolation is reduced for a longer period of time in the NH
winter and equally increased for longer during summer. There is a lag of about two
months between the peaks in the change in insolation and the maximum and min-
imum in the temperature differences, which is probably due to the heat content of
the climate system. The minimum and maximum changes in the insolation at 6kyBP

compared to present were in February and August with a magnitude of £18Wm™2.

Ensemble mean AT [K] Ensemble mean APrecip [mm/day]
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(a) ATemperature (b) APrecipitation
Figure 5.10: Time-series of the ensemble global monthly mean temperature [K] and pre-
cipitation rate [mm/day] anomalies.

The continental summer warming favours the deepening of the thermal low pressure
cells over land, intensifying the low level advection of moist air from the tropical

seas to the continent resulting in enhanced monsoons at 6kyBP. The ensemble mean
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Figure 5.11: The ensemble annual mean surface pressure difference (6ka—control) [mb].

surface pressure response to the 6kyBP forcing, indicates deepening of the conti-
nental lows in the NH (Figure 5.11). Tropical — subtropical pressure is somewhat

heightened in the monsoon regions.

The low sensitivity models simulate the highest precipitation rates (~3mm/day).
The 4-6.5K sensitivity models (model no. 30-60) all simulate a precipitation rate of
about 2.8mm/day. The low sensitivity models simulate a slightly higher precipitation
rate in the control models compared to the mid-Holocene ones, whilst the opposite
is true for the highest sensitivity models (Figure 5.12). The higher end sensitivity
models predict a positive change in 6kyBP NH annual temperatures, whilst the lower
sensitivity models show a small decrease. The R? value is here of 0.52 (at the 95%
confidence level as used throughout the thesis). There is a higher correlation between
the 6k—control global annual mean temperature difference (a) and climate sensitivity
than the precipitation difference (d), suggesting that the seasonal forcing is potentially
more effective on temperature than precipitation. The control models and the 6kyBP
models display a similar pattern in the amplitude of the seasonal cycle in surface
temperatures in the NH versus sensitivity (Figure 5.12(c)). The 6kyBP models

have a ~0.3K larger JJA-DJF difference, however. The lower end sensitivity models
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Figure 5.12: Scatter plots of the ensemble, each dot represents a model. (a) shows the
global annual mean temperature difference between the 6kyBP and control models versus
the corresponding sensitivity value, (b) shows the 6kyBP—control temperature difference in
the Northern Hemisphere versus sensitivity. (c¢) shows the seasonal temperature differences
in the NH (JJA-DJF) for the control models (blue diamonds) and the 6kyBP models (green)
versus sensitivity. The ERA-40 reanalysis data offers a value of 11.9°C. (d) shows the same
as (a) only for precipitation rate [mm/day]. The low end sensitivity models simulate a slight
reduction in precipitation in the 6kyBP models whilst the high sensitivity models simulate
an increase. (e) shows the temperature anomaly [K] versus the precipitation anomaly [%].
The black line shows the best-fit (least squares) linear relationship. The R? value is 0.73.
Finally (f) shows the total precipitation rate [mm/day] in the 6kyBP and control models.
The green diamonds are the 6kyBP models and the blue the control.
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simulate a wider range of seasonal amplitudes, the mid — higher en sensitivity models
simulate a narrower range. An amplification of the seasonal cycle is expected from
our knowledge of the orbital configuration changes. As seen in Chapter 2, the
6kyBP climate was forced by higher insolation in boreal summer and lower in winter
(globally). The magnitude of change was larger in summer than winter (Figure 3.6).

It is the change in the precessional forcing that amplifies the seasonal cycle.

5.3 Benchmark 1 results

The mid-Holocene winter experienced a warm anomaly in the north east and a cold

anomaly in the south west, as described in Chapter 4.2.1 (Cheddadi et al., 1997).

Figure 5.13 shows the mean temperature difference (6k—control) of the coldest month

Ensemble mean ATc [K]

50E 60E

-3 -2 -1 0 1 2 3
Figure 5.13: The ensemble mean temperature anomaly of the coldest month, using the

same colour—scale as used in Cheddadi et al. (1997) for ease of comparison.

for the whole ensemble. The coldest month is January in both the control and the mid-
Holocene models. The 6kyBP February temperatures are very close to the January

ones, so an average of these two months could also be used. This can be compared
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to Figure 4.5 (Cheddadi et al., 1997) in Chapter 4. The ensemble mean displays
a warming in northern Europe and cooling in far southern areas (Figure 5.13), as
the geological evidence does. The magnitude of change is not strong enough, however
in the model, and the 0°C isotherm is too far south. The ensemble mean temper-
ature anomaly is generally up to 1°C warmer in central to northern Europe, which
is an underestimation of 1-2°C compared to the paleo-records. The ensemble mean
temperature anomaly in Iberia is of —1°C, i.e. a 1-3°C underestimation compared to
Cheddadi et al. (1997). The ensemble has some skill with regards to this benchmark,

as the sign of change is correct, though the magnitudes are underestimated.

Figure 5.14: The ensemble standard deviation of the temperature anomaly of the coldest
month.

The largest temperature variability within the ensemble is found in eastern—northeastern
Europe, of 2-3°C (Figure 5.14). For this benchmark a wide variety of behaviour was
found in the ensemble. Some of the models in the ensemble were found to mirror the
paleo-data almost perfectly, whilst other members displayed the opposite pattern with
a cooling in the north and warming in the south. It is useful to have found ensem-

ble members capable of modelling this climatic feature. The parameter perturbation
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combinations, can be focused on in more detail if it is wanted to e.g. investigate
model behaviour and climate dynamics for this region. The Cheddadi data-set is
widely used in the paleo community and here I have the opportunity to identify what
atmospheric parameters govern the model’s ability to simulate the meso-scale paleo-

climate most accurately.
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Figure 5.15: (a) The temperature difference between the 6kyBP and OkyBP models in
Iberia (33-43°N and -10-1°W) (b) Northern Europe (58-68°N, 40-55°W) versus the cor-
responding sensitivity values [K]. (c) shows the temperature gradient, i.e. (b)—(a), versus
sensitivity.

In Figure 5.15(a) the temperature anomaly across Iberia for each ensemble member
has been plotted against the corresponding sensitivity value. The proxy data indicate
a winter cooling during the mid-Holocene of -2 — -4°C. In the ensemble, there is only
one model capturing the correct magnitude in this selected region, namely Model 5
with a sensitivity of 2.7K. Geological evidence suggest a warming of 2-3°C in the

selected northeastern European region. A number of models with sensitivities up
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to ~10K are within the observational limits in this region. Figure 5.15(c) shows
the NE-SW gradient in temperature versus the sensitivity, i.e. figure (b) minus (a)
and only one model, Model 29 with a sensitivity of 4.35K, simulates this difference

correctly. The gradient according to the observations is of 5-7°C.

The results indicate the importance of the atmospheric parameter choices in the
model for this benchmark, i.e. the modeled European temperatures are dependent
on the parameter values. Some models simulated this 6kyBP feature almost per-
fectly, indicating that it is OK to use a slab model. Though it could be speculated
that the ensemble mean would have behaved more accurately if a full ocean circula-
tion had been used and the impact of the AMOC (Atlantic Meridional Overturning

Circulation) had been included.

5.4 Benchmark 2 results

This section describes the results of the ensemble relative to the North African Mon-
soon expansion benchmark (described in Section 4.2.2). The model and data have
been zonally averaged across Northern Africa and are compared with the precipita-
tion needed at that latitude to sustain steppe vegetation (Figure 5.16). The spread
in the ensemble decreases with latitude. In the Sahel, there is an ensemble variabil-
ity of ~300mm/year. The maximum peak in rainfall at 6kyBP is found at 12.5 —
15°N, which is too far south relative to observations suggesting high rainfall rates
from 15-30°N. The models are too dry at these latitudes. Most likely this is due to
the Hadley Cell in the model subsiding in this region. Looking at the Global Lake
Status Data Base (Figure 4.4) one might speculate that the Hadley Cell subsided
in the then drier southern and central Europe at 6kyBP. The models do rightly pre-

dict a northwards extension of the North African Monsoon during the mid-Holocene,
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though they underestimate the full northward expansion.
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Figure 5.16: The zonally averaged precipitation rate [mm/year| difference across northern
Africa (20°W — 30°E). Each curve represent an individual ensemble member and the grey
lines indicate the upper and lower limit on the excess precipitation required to maintain
steppe vegetation as opposed to present day desert (from Joussaume et al. (1999)).

There is no apparent link between the annual precipitation difference (6k—present)

and climate sensitivity in this region (Figure 5.17).

5.5 Benchmark 3 results

With this benchmark the models’ ability to capture the expansion of the North Amer-
ican Monsoon during the mid-Holocene is tested. The feature to look for is a crescent
shaped region of increased monsoon flow surrounded by no change, then an increase

in aridity (see Section 4.2.3).

The average North American AP-E (Precipitation minus Evaporation) anomaly across
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Figure 5.17: The annual mean precipitation rate difference at 17°N across northern Africa
versus climate sensitivity. The grey lines indicate the precipitation change in the region at
6kyBP. The purple line is the regression curve with an R? value of 0.01. IL.e. there is no

relationship between the precipitation difference and climate sensitivity.
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Figure 5.18: The ensemble mean JJA moisture budget anomaly across North America
[mm/day]. The data show an expansion of the North American Monsoon at 6kyBP, sur-
rounded by an increase in aridity.

the whole ensemble is shown in Figure 5.18. The ensemble does simulate an en-

hancement in the mid-Holocene moisture budget compared to the control southwards

of 20°N, though again monsoon flow expansion does not reach northwards enough

compared to the paleo-observations. The order of magnitude of change, where any
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change is observed in the ensemble, is correctly modelled by the ensemble mean of
0.5-1mm/day, reaching 2mm/day in regions. Most of North America is modelled to
have seen no changes in the moisture budget at 6kyBP. Instead drier conditions were

experienced in parts of the interior of the continent during the summer season.

The largest variability in P-E within the ensemble is found in southern and eastern
areas (Figure 5.19). Still, none of the models capture the full northwards extent of

the enhancement of the monsoon at 6kyBP.

AP-Eu, o

EQ

120w 100W 80W 50W

Figure 5.19: The standard deviation of the JJA P—E change between the 6yBP and control
models in the ensemble.

The AP-E anomaly [mm/day] for a selected region of the North American Monsoon
(15-18.5°N; 103-88°E) versus each models’ sensitivity value is shown in the following
scatter plot (Figure 5.20). This region was selected as it is over land and in an
area where the ensemble mean fits the paleo-observations. There is little point in
testing the model skill in a region where it has none. About half of the ensemble

members lie within the observational range of 0.75+0.25mm/day, including models
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with a sensitivity of ~10K.
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Figure 5.20: The ensemble JJA P-E moisture budget anomaly from a selected region of
North America [mm/day] versus the corresponding climate sensitivity for each model. The
paleo-observations indicate an increase of 0.75+£0.25mm/day.

5.6 Benchmark 4 results

This benchmark considers the models’ performance regarding the East Asian Mon-
soon. The ensemble mean correctly captures an increase in the Indian monsoon
precipitation, though the area of increase in southwestern China is underestimated.
Pollen data show an increase in southeastern China, where the ensemble mean predicts
a decrease in annual mean precipitation (Figure 5.21). The same pattern is seen in
the CCM3, FOAM and HadCM3 PMIP2 models. Oceanic feedbacks are thought to
reduce the precipitation over SE China (Liu et al., 2004). The NW Pacific warm pool
becomes even warmer in the mid-Holocene model, leading to stronger convection and
more precipitation over sea, i.e. the precipitation is reduced over land and shifted
eastwards. The standard deviation of the annual precipitation rate difference is seen
in Figure 5.22. There is a lot of variability across the region among the ensemble,

particularly in eastern and southern parts.

Looking at the JJA seasonal mean, a similar picture to the annual mean precipitation
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Figure 5.21: The ensemble mean annual precipitation rate anomaly across Asia [mm/year]
(6kyBP—control). The paleo-records indicate an expansion in the monsoon at 6kyBP.

50N

AP ¢ [mm/yr]

son{ =

30N

50 75 100 150 200 250
Figure 5.22: The standard deviation of ensemble mean annual precipitation rate anomaly

across Asia [mm/year].

is seen (Figure 5.23). The strong summer monsoons dominate the annual precipita-

tion pattern, as expected. Western parts of China is experiencing stronger monsoonal

precipitation, whilst eastern parts sees less precipitation.

The models produce an increase in the 6kyBP JJA moisture budget (Figure 5.24(a)).

A similar picture is seen in the moisture budget as in the precipitation rate anoma-

lies. The ensemble mean matches the Guiot et al. (2008) data from 70-110°E with



CHAPTER 5. KEVALUATION OF THE FIRST ENSEMBLE RESULTS 106

Ensemble mean AP [mm/day]

L

i
80E 100E 120E

-4 -3 -2 -15 -1 -05-03 0.3 05 1 2 3 4 5 6 0.3 0.5 1 2 3 4 5 3

(a) AP JJA (b) AP JJA o
Figure 5.23: (a) The ensemble mean JJA precipitation rate difference (6k—control) across
Asia [mm/day] and its corresponding standard deviation (b).

an increase of 0.5-1mm/day, up to 2mm/day in places. East of this the ensemble
suggests a mid-Holocene drying of 0.5-1mm/day, whilst data suggest some drying or
no difference along the coast and otherwise wetter conditions in this area. The stan-
dard deviation of the ensemble mean Asian monsoon anomaly [mm/day] is shown in
Figure 5.24(b). As seen in the figure there is a lot of variability across the ensemble

with a standard deviation of up to 3mm/day in some regions.

Ensemble mean AP-E, [mm/day] AP-E,, o [mm/day]
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Figure 5.24: (a) The ensemble mean JJA moisture budget difference (6k—control) across
Asia [mm/day] and its corresponding standard deviation (b).

AP-E for a selected region in China (22-32°N; 98-102°E), where the paleo-records
show evidence of a stronger monsoon during the mid-Holocene, versus the climate
sensitivity for each model is seen in Figure 5.25. This region was chosen based on

density of paleo-records and the high confidence levels in the observations. For this
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region there seems to be a relationship where high sensitivity models underestimate
the increase in the moisture budget at 6kyBP. The majority of the 8-10K sensi-
tivity models simulate a decrease, where the observations suggest a +0.5—1mm/day
increase. This method places an upper limit on climate sensitivity of 6.1K. The two
high sensitivity models, with sensitivities of 8.6 and 8.2K, that lie close to the ob-
servations on the lower and upper bounds respectively, can be ruled out due to their
low entrainment coefficient values. This plot highlights the importance of sampling
and the need to sample the sensitivity and parameter space as densely as possible.
The parameter space needs to be sampled as much as possible in order to find all
viable combinations of parameter perturbations for the 6kyBP climate. This is to see
what ranges of sensitivity values these models correspond to, in order to reduce the

uncertainties associated with this metric.
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Figure 5.25: The ensemble JJA moisture budget anomaly across Asia [mm/day] versus
the models’ corresponding sensitivity values [K]. The R? value is of 0.4. The models should
capture a 0.75+0.25mm/day increase.

The moisture budget anomaly versus the inverse of climate sensitivity is seen in
Figure 5.26. This plot could be used to create a Piani et al. (2005) — style transfer
function and use the resulting feedback parameter as a predictor of climate sensitivity
and generate a probability density function. This is intended to be attempted in future

work.
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Figure 5.26: The ensemble JJA moisture budget anomaly across Asia [mm/day]| versus
lambda, the feedback parameter. The models should capture a 0.75+0.25mm/day increase.
The linear regression curve has an accuracy of R? = 0.29.

5.7 Benchmark 5 results

AP-E Ensemble Mean [mm/year]

Figure 5.27: The ensemble mean annual moisture budget (P-E) anomaly (6k—control)
across Eurasia [mm/year|. It is a north polar stereographic map projection covering 40—
80°N and 20-150°E. The paleo-observations show no major changes.

The geological evidence from the mid-Holocene show no major change in the moisture
budget across mid-latitudinal Eurasia compared to present (as described in Chap-

ter 4.2.5).

Eurasia is relatively dry presently, as it was during the mid-Holocene. The ensemble

mean predicts no changes in the 6kyBP simulations (Figure 5.27), indicating the
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models’ ability to keep dry regimes dry.

It is seen that there is little variations in the moisture simulations across the ensem-
ble (Figure 5.28), except in southeastern parts, which is influenced by the Asian
Monsoon. Across mid-latitudes, the standard deviation is of 50-75bmm/year in far

eastern Eurasia and zero elsewhere.

“ .V~>/ <‘{\)' 

Figure 5.28: The standard deviation of the ensemble mean annual moisture budget anomaly
across Eurasia [mm /year].

The difference in the AP-E [mm/year| budget between 42.5-47.5°N across Eurasia
plotted against sensitivity is shown in scatter plot 5.29. Each dot denotes a model
from the ensemble. All the models fit the observations of no change and no upper

limit on climate sensitivity is found.

5.8 Benchmark 6 results

Here the modelled South American Monsoon moisture conditions are evaluated. A
variety of paleo-observations give evidence of a reduction in the monsoon at 6kyBP

(see Section 4.2.6).

The ensemble mean result is mainly a 6kyBP reduction in P—E south of 10°S. Atlantic
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Figure 5.29: The ensemble mean annual moisture budget anomaly [mm/year| across
Eurasian mid-latitudes versus sensitivity. The geological records indicate no major change.

coastal areas see no change or an increase of 0.5-1mm/day, whilst in southern parts

there’s a reduction of up to —1.5mm/day (Figure 5.30).

AP-E DJF Ensemble Mean [mm/day]
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Figure 5.30: The ensemble mean DJF moisture budget (P-E) anomaly in South America
[mm/day].

The standard deviation reaches 1-1.5mm/day south of 12°S (Figure 5.31). North
of this it is smaller; 0.3—-0.75mm/day. As precipitation is a noisy field, it is not unex-

pected that rainy regions are associated with large standard deviations.

Figure 5.32 is a scatter plot of the South American AP-E [mm/day] DJF anomaly
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Figure 5.31: The standard deviation of the ensemble mean DJF moisture budget anomaly
in South America [mm/day].

from a selected region (15-25°S; -55— -45°E) versus each model’s corresponding sen-
sitivity value. This region was selected due to a higher confidence in the paleo-data
here. There is no obvious relationship between the AP-E budget and the climate
sensitivity in this region and the majority of the models correctly simulate dryer con-
ditions. Some of the models simulate a drying of up to 2mm/day, or 720mm/year.
This magnitude may be rather large and one might speculate that if the mid-Holocene
was that much drier than present, there would be a stronger signature in the paleo-
records. A reduction of 0.5-1mm/day seems more reasonable, and around a third of

the ensemble simulates this magnitude, including high sensitivity models.

5.9 Model Skill Assessment

Having considered all the six benchmarks, it is found that none of the models sim-
ulate the North African Monsoon correctly. Evaluating the ensemble’s performance
regarding the five other benchmarks, one of the members capture the remaining five

mid-Holocene climatic features; Model 29 with a climate sensitivity of 4.4K, four of
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Figure 5.32: The DJF moisture budget (P-E) anomaly (6kyBP—control) for a selected
region in South America [mm/day] versus climate sensitivity for each ensemble member.

the models correctly simulate four out of the six benchmarks, whilst 30 models cap-
ture three, 19 models capture two and six models simulate one only. All members of
the ensemble correctly simulate the Furasian moisture budget. Figure 5.33 shows
the model number versus sensitivity. Model 1 is the one with unperturbed parame-
ter values. The majority of the ensemble feature half of the benchmarks, including
sensitivities up to 9.4K. The models that simulate the right magnitude of change in

the NAM also simulate a reasonable drying of the South American Monsoon.

The models passing 1 — 3 out of the 6 benchmarks have an average sensitivity of
around 5K (Figure 5.34). 6.25K is the average sensitivity for the models capturing

4 and 4.35 for the one model passing 5 out of 6 benchmarks.
The number of models fitting each benchmark are shown below:
e BM 1: NE: 16, SW: 1, Gradient: 1
e BM 2: 0

BM 3: 34

e BM4: 9
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Figure 5.33: Model number versus sensitivity. Blue dots capture 1 out of 6 benchmarks,
red 2, turquoise 3, green 4 and yellow 5. Turquoise models simulate the no change in the
6kyBP moisture budget correctly. Only four models simulate four climatic features right
(sensitivities of 4.5-8.1K). Model 1 is the standard HadSM3 model.
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Figure 5.34: The average sensitivity of the models in each category of benchmark fit. The
histogram has the same colour coding as in Figure 5.33. The models passing 1-3 benchmarks
have an average sensitivity of ~5K. The figure also indicates how many models fall into each

category.
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e BM 5: 60 (all models)

e BM 6: 33, out of 28 in -0.5- -1lmm/day bin and 5 -1 — -1.5mm/day.

5.9.1 Model 29 Case Study

One model fits five of the six paleo—climatic benchmarks when using area averages
to compare the paleo-records. All models underestimate the northwards expansion
of the North African monsoon for the mid-Holocene. Figure 5.35 shows Model 29’s
representation of five climatic features of the mid-Holocene. Considering Benchmark
1, the magnitude of the temperature gradient is correctly simulated and the north-
eastern European temperature is of 3.2K, whilst the Iberian temperature anomaly is
of —~1.7K, fitting the Cheddadi et al. (1997) data well. Model 29 does capture the
magnitude of the expansion of the North American monsoon correctly, though as for
the North African Monsoon, the northwards extension is underestimated (b). The
northwards stretching pattern of an increase, surrounded by no change then a drying
of the moisture budget fits the picture presented by Sjostrom et al. (2004) relatively
well. The model overestimates the area of drying and shows more of a westwards
shift in the monsoon, rather than an expansion in both southeastern and southwest-
ern China (c). The magnitude of change in southeastern areas is reasonable, however.
Along 45°N in Eurasia no changes in the AP-E budget is seen in the results (d). Ac-
cording to the paleo-records the South American Monsoon was reduced at 6kyBP.
(e) shows the results from Model 29. The average reduction in the moisture budget

in the region of 15-25°S and -55— -45°E is —0.8mm/day during the summer season.

Figure 5.36 shows the annual mean temperature [K]|, precipitation rate [mm/day],

moisture [mm/day] and surface pressure [mb| anomalies in Model 29. The orbital



CHAPTER 5. KEVALUATION OF THE FIRST ENSEMBLE RESULTS 115

0029 AP-E JJA [mm/day]

2 % B

0029 AT, [K]

-4 -3 -2-15-1-05-030305 1 2 3 4 5 6

0029 AP-E JJA [mm/day]
e | 1

50M 0029 AP-E [mm/year]

i

40N -

L THENN Ny -
80E 100E 120E

~TE T T T T T -
-4 -3 -2-15-1-05030305 1 2 3 4 5 6
() ()

0029 AP-E DJF [mm/day]

(e) -25 -2 -15 -1 -075 -05 -03 03 05 075 1 15

Figure 5.35: Model 29 was found to match the 6kyBP paleo—observations most closely, sim-
ulating five out of the six benchmarks correctly. None of the models simulate a northwards
enough expansion of the North African Monsoon (Benchmark 2). (a) shows the winter
temperature gradient across Europe. The results regarding the North American Monsoon
is seen in (b). (c) illustrates the mid-Holocene changes in the East Asian Monsoon. In (d)
the annual mean 6kyBP Eurasian moisture budget according to this model is reviewed. (e)
shows the DJF moisture budget anomaly in South America.
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Figure 5.36: Model 29’s simulation of the annual mean temperature [K], precipitation rate

[mm/day], precipitation—evaporation [mm/day| and surface pressure [mb] anomalies in the
6kyBP run compared to the control.

Parameter Model 29 Value | Value Range
Albedo at melting point 0.589 0.55-0.6
Accretion constant 3.07x1074 2.5-3.8x1074
Dtice 4.68 3-8
Entrainment coefficient 2.25 0.3-4.8

Ice size 2.92x107° 0.7-3.35x107°
Critical relative humidity 0.821 0.7-0.88
Ice fall speed 0.815 0.55-1.65
Empirically adjusted cloud fraction 0.554 0.515-0.675

Table 5.1: The atmospheric parameter values for Model 29. The range of the values found
in my ensemble is also shown in the above table. The CPDN ensemble used 3 different
values per parameter (see Figure 3.10). The unperturbed values can be seen in Table B.

forcing results in a warming in the Arctic in accordance with geological reconstructions
(Kerwin et al., 1999). Expectantly, low latitude 6kyBP land surface temperatures are

reduced as a result of the increase in cloud cover associated with stronger monsoon
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circulations. The North Atlantic storm tracks are intensified in the mid-Holocene
model, with a reduction of 2mb in the surface pressure. This is associated with a slight
increase in precipitation. A deepening of the Eurasian continental low is seen in (d).
This accompanied by an intensification of the Pacific subtropical high leads to a larger
pressure gradient and an increase in the offshore winds, suppressing precipitation over
eastern China. The surface pressure over Indonesia is somewhat lowered accompanied
by an increase in the water balance associated with the intensification of the winter
monsoon. The Southern Hemisphere is dominated by a dipolar pattern, of a lowering

of the pressure west of the Drake passage and higher pressure between 60-120°E.

The atmospheric parameter values for this model is seen in Table 5.1. The tempera-
ture range of ice albedo variation, dtice, takes on a value between the standard value
and the low one. Alpham, the albedo at the melting point, is close to the standard
value. The critical relative humidity holds the standard value in this model run. The
entrainment coefficient is between the standard and low values. Low values of this
parameter have been found to have a large impact on the climate in the models and
also on climate sensitivity (Sanderson et al., 2007). A reduction in this parameter
in the convection scheme has been found to moisten the upper tropical troposphere
introducing potential for convective feedbacks with increasing surface temperatures
(Sanderson et al., 2007). On warming, an increase in the relative humidity at high
altitudes causes an exaggerated clear sky green house effect. The ice fall speed in the
clouds has a value close to the standard in this model. A reduction in this parameter
can lead to a global increase in cloud cover and humidity. It has been found that
this parameter along with the entrainment coefficient and empirically adjusted cloud
fraction all have the potential to cause the largest climatic feedbacks affecting the
climate sensitivity. They can lead to very high sensitivity values, but also unrealistic

climates (Sanderson et al., 2007).
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Figure 5.37: Model 29’s simulation of the annual mean temperature [°C| in the control
model to compare with the ERA-40 Atlas.
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Figure 5.38: Model 29’s simulation of the annual mean precipitation [mm/day| in the
control model.

Comparing the control model (Figures 5.37, 5.38, 5.39) to the ERA-40 Atlas
(Figures 5.3(b), 5.4(b), 5.5(b)) reveals that Model 29 also does a decent job of
simulating the modern climate. The annual mean temperatures are in close agreement
with ERA-40, though again as for the ensemble mean, the 0° isotherm is slightly too
far south in the model at 50-60°E and 60-70°N, i.e. Fennoscandia and northwestern
Russia. The general precipitation pattern is sensibly simulated by the model, though

the magnitudes are somewhat underestimates in the monsoonal regions of the ITCZ,
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Figure 5.39: Model 29’s simulation of the annual mean evaporation minus precipitation
[mm/day].

i.e. Central America and parts of South East Asia compared to the reanalysis data.
Though the ERA-40 data is known to posses a wet bias in the tropics (Troccoli and
Kallberg, 2004). The storm tracks are well simulated in Model 29. The E-P budget is
correctly modelled in the subtropical high pressure cells over the oceans. The largest
discrepancies are found over land over Australia, Asia and USA, as the regions are
modelled to be wetter than in the ERA-40 Atlas. The shape of the ITCZ region is
reasonably captured in Model 29. From this basic comparison it is concluded that

Model 29 not only simulates the mid-Holocene well, but also the modern conditions.

5.10 Summary

It has been found that the ensemble underestimates the magnitudes of temperature
changes in Europe at 6kyBP, though it does simulate the correct sign of change. The
shape of the zero degree isothermal is correct, but the placement is too far south. The
ensemble underestimates the northwards extent of the North African Monsoon, but
does capture the 200-300mm /year needed in excess precipitation in order to sustain

steppe, as opposed to present day desert, in northern Africa and the Middle East.
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None of the ensemble members manage to simulate the full northwards expansion
of the North American Monsoon. The ensemble mean does produce an increase in
the moisture budget of the right magnitude in the southern regions. The East Asian
Monsoon also saw an expansion at 6kyBP in southern and eastern China. The ensem-
ble simulates a westwards shift of this monsoon, rather than an increase across the
whole of southern China, possibly due to oceanic feedbacks. Selecting a region with a
high confidence in the paleo-data and plotting the moisture budget anomaly against
sensitivity provides a lower constraint of 2.5K and an upper constraint on climate
sensitivity of 6.1K. The whole ensemble successfully simulates no major changes in
the moisture budget across mid-latitudinal Eurasia. And finally the majority of the

ensemble members simulate a reduction in the available moisture in South America.

A count has been made finding that only one of the ensemble members encapsulates
five out of the six mid-Holocene climate features. This model has a sensitivity of
4.35K and the details of this simulations have been described. Middle to low values
of the physical parameters govern this models climate indicating a suitable parameter

combination for the mid-Holocene climate.

It has been demonstrated that some of the large changes in the mid-Holocene cli-
mate cannot be simulated with the slab model. Feedbacks associated with the ocean,
vegetation and the land—surface need to be considered. Testing the models against
this set of 6kyBP climatic changes provides an opportunity to evaluate the model
skill. A failure to capture either of these robust features should be considered as an
opportunity to improve the models. It also provides information on which parameter

perturbation combinations are valid in perturbed physics ensembles.



CHAPTER 6

Results from the ENA ice sheet

experiment

6.1 Introduction

In this chapter, the effects of including the new 6kyBP paleo-boundary conditions of
an expanded Hudson Bay and the remnant Laurentide ice sheet are evaluated. As de-
scribed in Section 3.2.2, the models were distributed on climateprediction.net with a
four phase set—up. In the first experiment, the mid-Holocene phase used the standard
PMIP 1 paleo—boundary conditions of altered orbital configuration and somewhat re-
duced methane concentrations, whilst in the second experiment the paleo—phase also
included an expanded Hudson Bay and the remnants of the Laurentide ice sheet. The
boundary conditions were kept the same as in the first 6kyBP experiment, apart from
these 16 grid boxes with new ice and ocean. I.e. the vegetation was again kept fixed
at 20" Century conditions. The heat fluxes were calculated by the same method as
usual (Section 3.2.1). The same set of parameter perturbations were used in both

experiments, those of Sanderson et al. (2008), as explained in Chapter 3.

121
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The reason for this focus region is the abundance of paleo-observation and the mis-
match between GCM simulations and the proxies so far. The full ensemble is not
analysed here, due to time constraints, but will be published at a later date. About
40% of the ensemble had been returned at the time of analysis. The model number
and the corresponding climate sensitivity value is shown in Figure 6.1. The mod-
els used in this analysis represent the full range of climate sensitivity values in the

ensemble.
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Figure 6.1: Model number versus climate sensitivity for the models used in the analysis in
this chapter, c.f. Figure 5.1.

6.2 Results

The first check is to see if the ensemble mean climatological 6kyBP response on
global scales is sensible. The effects of the ice sheet and LSM changes are then
investigated, by first seeing if there is much of a climatic response outside of Eastern
North America, followed by a focus on the regional response in the climate due to

the boundary condition changes.
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Figure 6.2 shows the annual mean temperatures difference and the corresponding
standard deviation. The plots show the 6kyBP models with ice and different LSM
(Land — Sea Mask) minus the corresponding control simulation from the models
returned from the ensemble. It is seen that the temperatures are cooler above the
ice sheet, elsewhere the ensemble mean response is similar to that of the simulations
without the ice sheet and change in LSM. L.e. there is a 6kyBP warming at high

latitudes and cooling over land in monsoon regions.
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Figure 6.2: The ensemble mean temperature differences between the 6kyBP model with
ice sheet and changed LSM and the control model with changed LSM. (a) is the difference
in annual mean temperatures and (b) is the corresponding standard deviation.

During boreal winter, DJF, the ensemble mean temperature response to the forcing is
again similar to that seen in Chapter 5, with colder tropical, sub-tropical and mid-
latitudinal continents and a warming in the Arctic. Only in the 6kyBP simulation

with ice, there is a cooling over the added ice in Québec (Figure 6.3).

The temperature difference in March — April — May shows a continental cooling during
the mid-Holocene due to the longer NH winter season. The strongest cooling is again

found over the ice sheet in Québec.

During boreal summer, there is again a localised cooling over the five southernmost

grid boxes with ice in ENA. The orbital forcing results in a strong NH continental
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warming, though the warming in North America is reduced compared to the first

ensemble run without the ice sheet and changed LSM.

The poles are modelled to have been warmer during the mid-Holocene during the
boreal autumn (Figure 6.3). The Arctic is warmer due to the extended summer due
to the change in the orbital forcing and the thinning of the sea ice and reduction in
extent (not shown). Again the temperatures over five grid boxes with ice are colder

in the 6kyBP runs.

AT DJF ensemble mean w ice [K] AT MAM ensemble mean w ice [K]

=
180 120W 6ow 0 60E 120E 180 120w

-3 -25 -2 -15 -1 -0.75-05 0.5 0.75 1 15 2 25 3 35 -3 -25 -2 -15 -1 -0.75-05 05 075 1 15 2 25 3 35

(a) AT DJF (b) AT MAM

AT JJA ensemble mean w ice [K] AT SON ensemble mean w ice [K]

180 120W oW 0 60E 120E 180 6OW 0 60E 120E

-3 -25 -2 -1.5 -1 -0.75-0.5 0.5 0.75 1 1.5 2 25 3 3.5 -3 -25 -2 -15 -1 -0.75-0.5 05 075 1 1.5 2 25 3 35

(c) AT JJA (d) AT SON

Figure 6.3: The seasonal mean 6kyBP temperature anomalies (6k—control) from the en-
semble including the ice sheet. Hudson Bay is expanded in both the 6kyBP and control
phases.

The annual mean precipitation rate anomaly from the 6kice minus control simulations

shows a reduction of 0.2-0.5mm/day over the ice sheet in Québec and no changes
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elsewhere in the ensemble mean compared to the anomaly from the ensemble with
the standard 6kyBP boundary conditions (Figures 6.4(a), 5.8(a)). No changes in
precipitation rate between the mid-Holocene ice run and the control in ENA during
DJF and SON, whilst a reduction of up to 1mm/day is seen in ENA during JJA (not

shown).
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Figure 6.4: The ensemble annual mean (a) precipitation rate [mm/day] (b) moisture budget
[mm/day] and (c) surface pressure [mb] anomalies between the 6kyBP models with ice and
the controls. Hudson Bay is expanded in both the 6kyBP and control models.

Annually, there is an increase in the ensemble mean moisture budget of 0.2-0.5mm /day
over three of the grid boxes with ice in the 6kyBP models (Figure 6.4(b)). There is
no change in AP-E in ENA during DJF, but during boreal summer, there is a reduc-
tion surrounding Hudson Bay and an increase of up to lmm/day above the ice sheet.
During MAM there is a small increase in the moisture budget over the southernmost

grid box with ice and no change elsewhere in the mid-Holocene models compared to
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the controls. There is also an increase of 0.2-0.5mm/day in AP-E over three of the

grid boxes with ice in SON. Only the annual mean difference is shown here.

The ensemble annual mean sea level pressure (MSLP) difference [mb] (Figure 6.4(c))
shows the same general pattern as seen in the first ensemble, with a deepening of the
continental pressure cells and a heightening of the pressure over Antarctica and the
monsoon belt in the 6kyBP runs. In the experiment including for the ice sheet, how-
ever, there is no negative pressure anomaly over Greenland and Siberia/ northeastern
Eurasia, as was seen in the 6kyBP model with standard PMIP boundary conditions.
The DJF pressure anomaly shows a lowering of the surface pressure during DJF in
ENA (not shown). There is also a JJA negative pressure anomaly in ENA in both

experiments, the anomaly is reduced in the ice sheet experiment.

Annually there is a cooling over seven of the grid boxes with ice in the 6kyBP mod-
els with ice compared to the 6kyBP models with the standard boundary conditions
(Figure 6.5). There is positive temperature anomaly across most of Hudson Bay
during SON and DJF due to the expanded sea mask and the increase in thermal heat
capacity. The Arctic oceans is also simulated as warmer in the ensemble including the
ice and new LSM. This could be due to a reduction in sea ice extent and thickness.
During MAM there is a localised cooling in the Hudson Bay Lowlands, possibly due
to sea ice cooling the air temperatures. During boreal summer the combination of the
expanded sea and ice results in a local cooling signal. This reduction in the continen-
tal summer heating reduces the growing — degree — days facilitating tundra growth,
rather than the temperate forest that the PMIP Hadley Centre models overestimate
regionally in ENA (Wohlfahrt et al., 2008). The PMIP Hadley models were run with
fixed 20" Century vegetation and the model results were run through the BIOME4

vegetation model.
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Figure 6.5: The ensemble mean seasonal and annual temperature differences between the
6kyBP model with ice and new LSM and the 6kyBP model without.

Figure 6.6 shows the ensemble mean temperature differences between the (6kice-
control)—(6k-control) anomalies, i.e. the difference in the temperature anomalies from
the two ensembles over Eastern North America. The direct effect of the eleven grid

boxes with ice is a localised cooling of the surface air temperatures above the ice,
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with the largest changes in the boreal summer and autumn.
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Figure 6.6: The seasonal temperature differences between the 6k—control anomalies from
the two ensembles; (6kice-control) minus (6k-control).

Focusing further on the regional differences in the simulations between the 6kyBP
ensemble with ice and the 6kyBP ensemble without (Figure 6.7), it is seen that that
the annual changes in mean sea level pressure (MSLP) are minimal, though there is
a slight heightening of the pressure regionally of up to 0.3mb. This is mainly directly
above the grid boxes with changes, where the air above is cooled by the new surface
cover, encouraging sinking of the air and hence an increase in the pressure. The
annual pattern is dominated by the changes seen in JJA, where there is an increase of
1.5mb in ENA (not shown). This is slightly offset by a lowering of the DJF pressure
(not shown). The surface temperatures are cooler in JJA in the whole region, and

warmer in the winter due to the expanded sea mask in DJF, with only a cooling

over three of the grid boxes with added ice. Looking at the annual AP-E differences
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Figure 6.7: The annual mean, JJA and DJF temperature differences between the 6kyBP
ensemble with ice and the 6kyBP ensemble without extra land ice. The annual mean AP-E
and and surface pressure differences are also shown.

between the two ensembles, there are hardly any differences (Figure 6.7(d)); there

are only four grid boxes where the 6kyBP ensemble with ice has a positive anomaly.

The observations after Webb et al. (1993) show a decrease in annual mean precip-
itation of 10-30% in Labrador and Québec at 6kyBP, whilst the ensemble with ice

simulate a decrease of 10-20% (Figure 6.8). The ensemble simulates the right mag-
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nitude of change over the ice sheet in Québec of -10 — -20%. The observations show
an increase in the precipitation on the Coastal Plain, as does the ensemble. The
ensembles overestimates the area with the positive anomaly, however. Both ensem-
bles (with and without ice sheet and LSM changes) simulate the positive anomaly to
stretch inland past the Appalachian Mountains. The resulting precipitation anoma-
lies are similar in both ensembles and the impact of the inclusion of the ice sheet is
evident (Figure 6.8). The inclusion of the Laurentide ice sheet has a localised effect
of reducing the annual mean precipitation, improving the model response compared

to the observations.
AP [%] AP [%]

(a) AP 6kice—ctrl (b) AP 6k—ctrl

Figure 6.8: The ensemble annual mean percentage precipitation differences between the
mid-Holocene and control models in (a) the ensemble with the new LSM and ice sheet, (b)
the ensemble with standard PMIP boundary conditions in the 6kyBP model. The colour
scale is as in Figure 4.14 by Webb et al. (1993).
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6.2.1 ENA Growing Degree Days

Growing-degree-days is a bioclimatic variable and an expression for the heat require-
ment for plant growth. Plants grow in a cumulative stepwise manner and they are
dependant on the local climate, in particular temperature. GDD accumulations in-
volve the accumulated amount of heat required for a plant of to flourish. GDD
accumulates faster as the days get hotter. GDD is a heat unit and it is calculated
by taking the average of the daily maximum and minimum temperatures compared
to a base temperature, i.e. T-Tpyse. The baseline temperature is determined by the
lifecycle of the plant of interest. Maximum temperature is usually capped at 30°C
as temperatures higher than this does not make the plants grow any faster. The
threshold for trees is of 5°C and for non—woody plants it is of 0°C (Wohlfahrt et al.,
2008). Every degree the mean temperature is higher than the baseline temperature

turns into a growing degree day.
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Figure 6.9: The ensemble mean GDDO (i.e. using 0°C as baseline temperature) anomaly
from the ice sheet experiment compared to the ensemble of standard 6kyBP models. Grow-
ing degree days are a measure of both temperature and length of the growing season and
represents a limit on plant growth.

The PAIN and BIOME 6000 observations suggest that tundra existed further south

than presently in eastern Canada, indicating a local reduction in the growing—degree—
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days. The northwards expansion of temperate forest seen elsewhere during the mid-
Holocene was most likely inhibited in ENA by the Laurentide ice sheet. The north-
wards shift in the tree-line seen at 6kyBP in e.g. northern Eurasia is a result of the
increase in the summer temperatures, a direct effect of the changes in the orbital
parameters, and the length of the summer season, an indirect effect due to the ocean
feedbacks. The simulated GDD is much higher in the 6kyBP simulations compared
to the control. A local reduction in GDDO and GDD)5 is seen in ENA in the ensemble
including the ice sheet. Figure 6.9 shows the ensemble mean difference in growing
degree days with a temperature base line of 0°C between the 6kyBP simulations with

ice and the 6kyBP simulation with the standard boundary conditions.

The results have not been run through BIOME4, but one might speculate that this
localised reduction in growing degree days would have placed a limitation on the plant
growth. By knowing the mean temperature and rainfall of a region, especially with
information on the seasonality and variability, the plant types, and animal for that
matter, can be fairly accurately predicted (biogeography). A reduction in 6kyBP cool
evergreen needle-leaf forest and cool mixed forest would be the result of a reduction
in GDD, as the conditions become more favourable for cooler vegetation types like
tundra. Between 50-60°N, there is a reduction in GDDO by 50-100 °C—days. The
tundra climate is characterised by cold winter, short summers and growing seasons
of <60 days, in addition to low rainfall rates (200mm/year), though with melting
snow in the summer (Burroughs, 1999). The taiga vegetation requires about 300-
850mm /year in precipitation and sustains cold winters and relatively warm summers.
The reduction in the 6kyBP precipitation, summer temperatures and growing season
in ENA in the model experiment with ice, all facilitate for a southwards shift in the

tundra — taiga border.
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6.3 Summary and concluding remarks

The effect on the climate of changing the orbital parameters, expanding the Hud-
son Bay and including the 6kyBP Laurentide ice sheet has been investigated with
a perturbed physics ensemble using an atmospheric GCM coupled to a mixed layer
ocean. It is seen that incorporating these new boundary conditions results in a closer
agreement with the paleo-data locally in eastern North America, with little or no
change elsewhere. There is an annual reduction in precipitation and growing—degree—
days, fitting Webb et al. (1993) and the pollen data from the PAIN and BIOME 6000
(Prentice et al., 2000; Harrison et al., 2001; Bigelow et al., 2003; Pickett et al., 2004)
better. Modelling groups investigating the 6kyBP North American vegetation distri-

bution should therefore in the future incorporate these new boundary conditions.

The increase in the summer insolation and the warmer September SSTs extends the
mid-Holocene growing season. The PMIP models, via offline vegetation modelling
with BIOME4, have been found to underestimate the local extent of tundra in ENA
(Wohlfahrt et al., 2008). Le. the local ENA 6kyBP cooler and drier climate has not
been captured by the GCMs due to shortcomings in the boundary condition designs.
This has been improved with this ensemble experiment. The inclusion of the more ac-
curate paleo-boundary conditions results in a closer match to the geological evidence.
A further extension of this analysis would be to run the ensemble results through the
vegetation model BIOME4 after Kaplan (2001) and do a ENA biome count to com-
pare with the PAIN and BIOME 6000 pollen data. The localised reduction in growing
— degree — days and precipitation should contribute to a more accurate vegetation
cover with an expansion of tundra compared to presently and a contraction of cool
mixed fore and and evergreen needle forest, i.e. a southwards displacement of the

tree—line.



CHAPTER 7

Perturbing the North African

vegetation

7.1 Introduction

As seen in Chapter 5 the models grossly underestimate the northwards expansion
of the 6kyBP North African Monsoon. Orbital forcing alone is not sufficient to ex-
plain the changes in the 6kyBP monsoons. Feedbacks, associated with e.g. SSTs and
vegetation cover, may need to be included in order to explain the observed north-
wards expansion. A step towards a better understanding of the respective roles of
oceans and land surfaces is to design sensitivity studies with prescribed forcings. To
see if the model can be forced out of the North African dry regime, the vegetation
ancillary file is altered. North Africa is set to be covered in rain forest, which is an
unrealistic assumption, because there is no evidence of any rain forest in the region
during the mid-Holocene. Sahara was covered in Sahelian vegetation of grassland

and xerophytic woods and shrubs at 6kyBP. But to tease out a larger signal from
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the model, the vegetation is more drastically changed to that of the Amazonian rain
forest. This experiment is therefore a sensitivity test rather than a realistic assess-
ment of past conditions. The changes made to the vegetation ancillary file can be
seen in Appendix D. This simple experiment was designed after the results from
the distributed experiment was returned and analysed. The ensemble method was
not used for this project and only a single model run was performed in-house. It is a

sensitivity experiment, hence the simple design.

Various model experiments have indicated that the monsoons are sensitive to changes
in the land surface, e.g. vegetation (Kutzbach et al., 1996; Street-Perrott et al.,
1990; Claussen, 1997; Texier et al., 1997), lakes and wetlands (Coe and Bonan, 1997;
Brostrom et al., 1998). The PMIP 2 coupled ocean — atmosphere — vegetation sim-
ulations allowed the African monsoon to penetrate further north (Braconnot et al.,

2007a).

The monsoon is driven by the land—sea temperature contrasts. The onshore winds
are advected from the colder oceans onto the warmer continents, i.e. the pressure
gradient drives it through the high pressure over the ocean and low pressure over
land. The main source of water vapour for the African monsoon is the tropical At-

lantic and Gulf of Guinea (Cadet and Houston, 1984).

Vegetation has the potential to affect climate through the albedo effect. Tropical
rain forest has an albedo of 13%, grassland 20%, whilst desert has an albedo as
high as 40% (Huber et al., 2001). Vegetation can also alter the transfer of heat,
momentum, and moisture between the surface and the atmosphere and thus affect

the atmospheric circulation. (Claussen, 1994) show that for semi-arid Africa, if the
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region was initially vegetated, there continued to be enough precipitation to support

the vegetation, through local water recycling. If the region was initially unvegetated,

the precipitation continued to be weak and vegetation was not able to grow. Thus

the vegetation distribution has the potential to affect climate.
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Figure 7.1: The zonally averaged annual mean precipitation anomaly from each of the
PMIP ensemble members (middle panel) (Covey et al., 2001). The bottom panel shows the
results from simulations with the IPSL model, coupling the atmospheric component to the
ocean (OA), to dynamic vegetation (AV) and a combination of the two (OAV). The dashed
lines indicate the excess precipitation needed to favor steppe over desert. The top panel is
the 6kyBP and OkyBP biome distribution of 4 biomes.
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Figure 7.1 shows the zonally averaged 6kyBP annual mean precipitation anomaly
across northern Africa from the PMIP 1 ensemble from Covey et al. (2001). It is seen
that all ensemble members underestimate the northwards expansion of the monsoonal
rain at 6kyBP. Some of the models simulate the right magnitude of 200-300mm/year,
though as in the ensemble results presented in Chapter 5, the max precipitation peak

is too far south. This deficiency in the models encouraged this sensitivity experiment.

7.2 Experimental set—up

The simulations were carried out using the HadSM3 keeping the vegetation fixed. One
control pre-industrial simulation was performed, in addition to one standard 6kyBP
simulation where the only changes to the model is the orbital configuration and re-
duced methane concentrations. In a third simulation, the 6kyBP model now contains
a new vegetational forcing, i.e. the vegetation parameters were set to represent rain
forest across northern Africa and the Middle East. The standard HadSM3 parameter
values were used for the experiment. Orbital parameters for the control and all 6kyBP
simulations follow the PMIP convention as described in Chapter 3 and Joussaume
and Taylor (1995). Differences between the standard 6kyBP and 6kyBP with per-
turbed vegetation simulations quantify the sensitivity of the simulated mid-Holocene

climate to changes in the vegetation.

This experiment is a stand-alone experiment and was not included in the CPDN
ensemble. The models were run in—house on a single processor computer as a compli-
mentary sensitivity test of the model after the revelation of the model-observational

mismatch in this region in the CPDN ensemble.
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7.3 Results from perturbing the vegetation

The ECMWF (European Centre for Medium Range Weather Forecasts) reanalysis
data set, the ERA-40 Atlas, is used to check the climate of the control simulation
used in this experiment. The ERA-40 data is of a 2.5° grid resolution and the obser-
vations cover the period of 1979-2001. The ERA-40 annual mean total precipitation
[mm/day] is shown in Figure 7.2, whilst the results from the control run is mapped
in Figure 7.3. It is seen that the HadSM3 control model simulates the main fea-
tures of the global precipitation patterns rather well, including the placement of the
ITCZ and the storm tracks. The precipitation pattern across Africa is also in close
agreement with the reanalysis data. Between ~17-30°N the model overestimates the
rainfall by 0.2-1mm/day in parts of northern Africa. The magnitude of the rain-
fall across the main convective equatorial cell is correctly simulated of 6-8mm/day.
Based on the model’s ability to simulate modern rainfall, keeping in mind that the
simulation is pre-industrial and the reanalysis data present day observations, it can

be used for this analysis.

The zonally averaged anomaly in the moisture budget is seen in Figure 7.4 covering
Northern Africa and the Middle East between the model forced with the 6kyBP orbital
configuration and North African vegetation changes and the default pre-industrial
control simulation (blue line). The pink curve represents the default 6kyBP—control
AP-E in comparison. At 20°N AP-E is more than doubled in the run with North
Africa covered in rain forest; 56mm/year, compared to 22mm/year in the default

mid-Holocene model.

Figure 7.5 shows the zonally averaged differences in precipitation and evaporation
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Figure 7.2: The annual mean total precipitation [mm/day] from the ERA-40 Atlas, using
reanalysis data from the period 1979 — 2001.
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Figure 7.3: The annual mean precipitation rate [mm/day| from the control simulation.
The modelled precipitation is in close agreement with the reanalysis data.

rates [mm/year|. The blue and red curves represent the annual precipitation rate and

evaporation difference respectively between the 6kyBP model with the Saharan rain
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Figure 7.4: The precipitation — evaporation anomaly between the default 6kyBP and
control runs (pink line) and a 6kyBP model with rain forest covering North Africa and the
control run (blue curve).

forest. The light blue and orange curves represent the same variables for the standard
6kyBP and control models. The maximum peaks are shifted northwards by a couple
of gridboxes and increased by over 400mm/year. The evaporation rate is also in-
creased in the perturbed vegetation run by about the same rates as the precipitation.
Joussaume et al. (1999) estimated that an increase of 200-300mm/year in 6kyBP pre-
cipitation is needed to explain the observed changes in the North African pollen tax
between ~17-30°N. The model with the perturbed vegetation simulates this excess
between ~11-25°N but even these drastic vegetation changes are not enough to cause
precipitation increase northwards of this. Comparatively, the standard 6kyBP model

simulates an increase of above 200mm/year between 12-17°N.
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Figure 7.5: The precipitation and evaporation differences between the default 6kyBP and
control runs (light blue and orange curves respectively) and a 6kyBP model with rain forest
covering North African and the control run (blue and red curves).

The JJA moisture budget anomaly across the region in question is mapped out in
Figure 7.6. (a) shows the anomaly involving the 6kyBP model with perturbed vege-
tation, whilst (b) is from the default 6kyBP model minus the control. Positive water
budget anomalies cover a larger area in the perturbed vegetation — control, extending

up to 25°N in western parts. The maximum peak is shifted and extended northwards.

Figure 7.7 shows the JJA mean temperature differences between the 6kyBP model
with North African rain forest and the control model (a) and between the 6kyBP and

the control model (b). As expected due to the orbital forcing, the continents warm
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Figure 7.6: (a) The JJA mean water budget anomaly between the 6kyBP model with
North African rain forest and the control model. (b) between the 6kyBP and the control
model.

up during boreal summer in the mid-Holocene models compared to the control. The
vegetation changes act as a positive feedback and amplify this warming, as seen in
(a). The reduction in the surface albedo results in more radiation being absorbed

and heating the atmosphere above it rather than being reflected by the ground.
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Figure 7.7: (a) The JJA mean temperature difference between the 6kyBP model with
North African rain forest and the control model, (b) between the 6kyBP and the control
model.

The global patterns of precipitation change are similar in both 6kyBP runs, only am-
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plified in the perturbed vegetation simulation (Figure 7.8). The ITCZ is enhanced

across the tropics.
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Figure 7.8: (a) The JJA mean precipitation rate difference between the 6kyBP model with
North African rain forest and the control model. (b) The difference between the 6kyBP
and the control model [mm/day].

The continental lows are deepened in both mid-Holocene simulations, strengthening
the monsoon inflow (Figure 7.9). The pressure is heightened over the Pacific, else-

where in the NH, the pressure is lowered in the perturbed vegetation model.
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Figure 7.9: (a) The JJA mean surface pressure difference between the 6kyBP model with
North African rain forest and the control model. (b) The difference between the 6kyBP
and the control model [mb].
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The difference in OLR (Outgoing Long wave Radiation at the top of the atmosphere)
[Wm™2], the difference in latent heat flux [Wm™2] and total cloud amount in the long
wave radiation scheme between the 6kyBP model with the Saharan rain forest and the
control run is shown in Figure 7.10. The outgoing long wave radiation is strongly
reduced in the region with the increase in cloud amount where the monsoons are
expanded. The same signal of change is seen in Figure 7.11, showing the anomalies

from the standard 6kyBP and control models.

30N 30N

BON{ s 1 eoN{

o % L %
30N
£Q

308

60S

905 ——— B
1 180 120W 60W 0 60E 120E

(b) ALatent Heat flux

-0.5 -0.4 -0.3 -0.2 -0.15 -0.05 0.05 0.15 0.2 0.3 0.4 05

(¢) ACloud amount

Figure 7.10: (a) The difference in Outgoing Long wave Radiation (OLR) [Wm~2], (b)
surface latent heat flux [Wm™2], (c) total cloud amount in the long wave radiation scheme
[0-1] between the 6kyBP perturbed vegetation model and the control. As for Figure 7.11,
the contour interval in (a) is 10Wm~2, (b) 15Wm~2 and (c) 0.05.

The Tropical Easterly Jet (TEJ) is strengthened in the 6kyBP model (Figure 7.12).

The TEJ is related to the summer monsoons in Asia and Africa and usually lasts
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Figure 7.11: (a) The standard 6kyBP anomalies in Outgoing Long wave Radiation (OLR)
[Wm™2], (b) surface latent heat flux [Wm™2], (c) total cloud amount in the long wave
radiation scheme [0-1].

from June to September. It’s source is the Tibetan Plateau and it is accelerated by
the continental heating during summer (Raghavan, 1973). A strong jet is associated
with higher precipitation. A weakening of the African Easterly Jet (AEJ) centered
on ~650mb and 13°N is seen in Figure 7.12(a). Patricola and Cook (2007) ar-
gue that the increased 6kyBP wetness observed in proxy data over North Africa,
could partly be due to a collapse or weakening of the African Easterly Jet during the
mid-Holocene. The AEJ is currently present due to the contrast in the land surface
between the Sahel and Sahara resulting in a strong meridional surface temperature
gradient (Cook, 1998). There is an increase in the easterly winds just northwards of

the weakening at 15°N, suggesting a possible northwards and upwards shift in the
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AEJ, possibly merging with the TEJ at upper levels. These changes in the jets could
be related to changes in the temperature structure in the atmosphere above northern
Africa (see Figure 7.14) due to the increase in the latent heat release. The merid-

ional temperature gradient is increased and the jet is strengthened.
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Figure 7.12: The JJA differences in the zonal averages of the u and v- components of the

wind [m/s| between the 6kyBP model with the perturbed vegetation and the control.

The JJA wind component anomalies in the default 6kyBP model compared to the
control model is seen in Figure 7.13. The patterns are similar to the ones observed
in Figure 7.12 only the magnitudes are smaller. There is a weakening of the NH
mid-latitudinal storm tracks in the standard 6kyBP model, not seen in the 6kyBP
model with perturbed vegetation. The AEJ is reduced to a smaller region in the stan-
dard 6kyBP model run, as the vegetation is kept fixed at pre-industrial conditions.

This possibly contributes to prevent the northwards expansion of the monsoon rain.

To sum up; the lower albedo of the rain forest compared to the desert increases the
amount of radiation absorbed by the surface. The much larger roughness length of
the rain forest increases the sensible and latent heat fluxes. The release of latent heat

in the atmosphere amplifies the convection. The establishment of a thermal low over
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Figure 7.13: The JJA differences in the u- and v- components of the wind [m/s] between
the standard 6kyBP and control runs.
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Figure 7.14: The JJA temperature anomalies, latitude versus height, from (a) the 6kyBP
model with perturbed vegetation and (b) the standard 6kyBP model.

the continent is accompanied by a pressure and land — sea temperature gradient that
is stronger than in the control and standard 6kyBP runs. The atmospheric feedbacks
associated with the vegetation perturbation involves an increase in the downward
infrared radiation due to the increased cloudiness as seen in Figure 7.10 and an
increase in the net solar heat flux at the surface due to the increase in the albedo.
The large amount of rain simulated during the monsoon season is mainly sourced

from local evapotranspiration.
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The large change in the albedo affects the surface temperatures as more heat is ab-
sorbed by the ground. This is partly responsible for the northwards shift in the
monsoon trough. This is also affected by the changes in the latent heat and sensi-
ble heat fluxes due to the much larger roughness length and decreased resistance to

evapotranspiration.

The intensity of the monsoon might be stronger due to interactions between the low—
level moisture advection and surface evapotranspiration and the deep convection. The

latent heat release from condensation amplifies and sustains the low level convergence.

7.4 Discussion

Results have been presented from sensitivity experiments where the model has been
forced with altered vegetation across Northern Africa and the Middle East. This is a
single model experiment and the distributed computing approach, as seen in the two
first experiments, was not used. The vegetation is kept fixed in the HadSM3 and as
seen in Chapter 5, the orbital forcing alone is not enough to explain the northwards
expansion of the 6kyBP North African monsoon as observed. The pre—industrial
vegetation cover in the model was therefore changed to rain forest to investigate the
sensitivity of the system to vegetation feedbacks. This increased the water recy-
cling, i.e. both the precipitation and evaporation rates were intensified. The positive
anomaly reached further north than in the model simulations performed with pre-

industrial vegetation, though still not as far north as 30°N.

The 6kyBP simulation with the perturbed land surface simulates a 5° northwards
migration of the I'TCZ over Africa. Similar results were found by Brostrom et al.

(1998) in a simulation afforesting the Sahel. The peak in the moisture budget has
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been shifted further north compared to the standard 6kyBP simulations. Not only is
there an increase in the maximum precipitation rate, but also a widening of the ITCZ
belt. The albedo changes induce a warming of the surface temperatures throughout

the year.

The water and energy budgets are both modified as a result of the vegetation property
changes. Vegetation is more efficient at recycling precipitation through evapotranspi-
ration. The larger latent heat release helps amplifying and sustaining the large scale

convection and hence the onshore water vapour advection.

Brostrom et al. (1998) found in their sensitivity study that including changes in the
land surface of increased lakes and wetlands resulted in a small signal comparative
to the impact of vegetation changes. Changing the vegetation and the land surface
increased the summer precipitation and extended it northwards in their study, but
the full northwards expansion were not captured in their experiments with the CCM3

either.

To conclude, the vegetation—included albedo and moisture flux changes increase the
simulated precipitation and the maximum peak is shifted northwards. The north-
wards extension in precipitation is still not northwards enough compared to the
paleo—indications as seen in Hoelzmann et al. (1998). This could possibly be due
to the subtropical high, the sinking part of the Hadley Cell, being situated too far
south in the model. The GLSDB (Global Lake Status Data Base) indicate that south-
ern Europe was drier during the mid-Holocene, possibly inferring this as the latitude

of the subsiding part of the Hadley Cell at the time (Figure 4.4).



CHAPTER 8

Summary and General Discussion

Understanding the processes and mechanisms of past change can be aided by the
use of climate models. Paleo-climate modelling is also key to understanding climate
change and to test the models used for future predictions. The geological past offers
a unique opportunity to examine climate sensitivity when the climate was different
compared to the present, thus the signal-to-noise ratio is improved compared to the

instrumental records (Edwards et al., 2008).

The use of climate reconstructions from paleo—observations can provide a constraint
on the ability of a model to realistically simulate observed changes in paleo-climates.
Even though the use of paleo-climate observations have not yet reduced the uncer-
tainty in our estimates of the climate sensitivity, these studies have reinforced our
understanding that climate sensitivity is affected by the type of forcing (Hansen
et al., 1997; Joshi et al., 2003). The uncertainties in the past forcings are larger than
the recent change in forcings. This could be a contributing factor to the failure of
the paleo-studies in reducing the uncertainty in the climate sensitivity estimates. It

could also reflect the non—optimal use of paleo—observations. Uncertainties also arise
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from assuming that feedbacks contain the same behaviour in a 2x[COs] climate as in
present and past climates. Paleo-evidence may assist however in reducing uncertain-
ties around climate sensitivity, for instance if more of the available data are used and
if the model data are compared to spatially-located data instead of regional averages

and if more paleo-reconstructions are created, as identified by Edwards et al. (2008).

Our knowledge of past climates is not complete. There are uncertainties in our un-
derstanding of how the atmosphere reacts to external forcing for today’s boundary
conditions and there are still significant advances to be made with numerical mod-
elling. For the past, we only have imprecise and incomplete information about the
boundary conditions. It is important to fully understand the uncertainties in the mod-
els caused by uncertainties in the forcings and also from within the model physics.
“Whatever anthropogenic climate changes occur in the future, they will be superim-
posed on a background of natural variability. Therefore, to anticipate future changes,

we must understand how and why climates varied in the past” (Bradley, 2006).

Two different methods have been used in this project to compare geological evidence
of regional climates at 6kyBP with GCM simulations; map-map comparisons and
regional averages. Site-by-site comparison methods have not been used due to the
coarse resolution of climate models and it is a less effective measure of model skill.
A more powerful tool is the visual examination of mapped climate patterns. This
qualitative method makes it possible to evaluate the models’ ability to simulate the
observed shifts in regional climates and can be applied to data—poor regions. It makes
it possible to investigate the underlying mechanisms for climatic change and deficien-
cies in the models. The visual assessment involves a subjectivity risk, however. A

quantitative assessment of the model skill is found by comparing area averaged anoma-
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lies to the paleo-observations, where such information is available. This method is
sensitive to the delimitation of the area chosen to study and can lead to unrealistic

poor assessment of the models.

Neither the model nor the data are good enough to do any better. In many cases we
do not trust the paleo-data well enough to give a quantification of change and cer-
tainly do not trust a single record. This work work has highlighted the shortcomings

of the models, even with the coarse gridding of the data.

The analysis presented here show a systematic model-data comparison approach pro-
viding a robust method yielding insight into the underlying mechanisms governing
the modeled climates. This two-way method evaluating the six established 6kyBP
climate patterns is valid for both perturbed physics ensembles and inter-model en-

sembles and could provide a standard tool for future paleodata-model comparisons.

8.1 Summary of findings

The larger tilt of the Earth at 6kyBP increase the summer and annual mean insolation
in the high latitudes of both hemispheres. The additional change in the precession
induces changes in the length of the seasons. The changes in the mid-Holocene sim-
ulations reflect the sensitivity of the climate system to changes in the seasonal cycle
of insolation driven by these orbital changes. Consistently, there are no significant
changes in the global annual mean insolation, and no major changes in the global
annual mean temperature or precipitation rate at 6kyBP compared to present. The
changes observed are an enhanced seasonal cycle in surface temperatures in the NH

and a reduction in the SH.
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The largest changes in the mid-Holocene climate results from the change in the sea-
sonal contrast. The land-sea temperature contrast is increased in the 6kyBP sim-
ulations compared to the control, the pressure gradient is stronger and the inland
penetration of moisture is increased. This results in strengthened monsoons and re-

gions with high precipitation reaching further north in the Northern Hemisphere.

At low latitudes, the summer warming is limited due to the increases in cloud and soil
moisture, opposing the pattern seen in mid-latitudes in the models. Various feedback
mechanisms modify the local response to the changes in insolation at the TOA. In
the Northern Hemisphere, the warming is the largest at high latitudes in the autumn

and winter as a result of changes in sea ice.

The location of the change in 6kyBP precipitation in the models is mainly driven by
the synoptic scale changes in moisture advection onto the continents. The specific lo-
cation of the continental warming thus has an impact on the location of the increase in
monsoonal precipitation, as it forces the structure of the summer continental thermal
lows. The 6kyBP 5% increase in incoming solar radiation at the TOA, or ~20Wm ™2,
during JJA favours a deepening of the continental thermal lows pushing it further
inland. The high summer insolation results in a strong land-sea thermal contrast

enhancing the monsoon flows at 6kyBP.

The Asian and African Monsoon are dominant components of tropical climate vari-
ability. The latent heat release due to precipitation intensifies the surface low pres-
sure systems and enhances the monsoon circulation. The intensity of the monsoon
has been associated with the orographic effects of the Himalayas and the east African

highlands, the Eurasian snow cover and ENSO (Kutzbach et al., 1989; Rodwell and
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Hoskins, 1995; Dong and Valdes, 1998; Rasmusson and Carpenter, 1983; Yin et al.,
2008).

It has been found in this work that the HadSM3 simulates a northwards expansion
and increased intensity in the North African and North American monsoons. It un-
derestimates the extent of the northwards expansion of the North African and North
American monsoons. The magnitude of the peak in the precipitation increase is of
the right order, however. The ensemble simulates an enhancement of the East Asian
Monsoon, too, only it is shifted westwards. The geological record show an increase in
moisture in the whole of southern China (Guiot et al., 2008). The westward shift in
the Asian monsoon could be due to the model placing the west Pacific high pressure

centre too far northwest.

Discrepancies between the simulated and observed regional precipitation across north-
ern Africa were a motivation for running new simulations. A sensitivity study was
performed where the vegetation ancillary file was modified. Instead of perturbing the
surface conditions from modern desert sand to 6kyBP steppe and grassland, as the
pollen data indicates, the vegetation was set to be rain forest across the whole of
northern Africa and the Middle East. This was to test the relevance of the vegeta-
tion feedback in relation to the strength and northwards extension of the monsoon
rain. This large and unrealistic vegetational forcing resulted in almost a trebling of
the precipitation peak and the positive precipitation anomaly extends further north.
The precipitation anomaly holds a value above the estimated 200-300mm/year as far
north as 26°N, which is 9° further north than in the model with the pre-industrial
vegetation cover. This experiment highlights the importance of vegetation feedbacks

in the climate system, at least in these areas.
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It seems that HadSM3 is competent at simulating dry climates, as seen in e.g. its
treatment of the Eurasian moisture budget. It can be speculated however, that the
model keeps dry climates dry and has difficulties in simulating other regimes in these
regions. E.g., the models keep far northern Sahara dry even with strong forcing posed
upon it. This could be a potential structural shortcoming in the model, emphasising

the uncertainties with regards to simulating future unknown climates.

In the second distributed experiment, the local boundary conditions in eastern North
America were perturbed in the mid-Holocene phase. All phases were run with an
altered land-sea mask where the Hudson Bay was expanded by 5 grid cells. The
mid-Holocene phase was forced with the usual change in the orbital configuration,
reduced methane concentrations, in addition to the inclusion of the remnants of the
Laurentide ice sheet. Eleven grid boxes had their surface properties changes to ice.
These changes were based on results from ice sheet modelling by Dyke et al. (1997)
and Peltier (2004) and the ancillary file was created by Dr. Tamsin Edwards and
the Palaeco-QUMP team. The inclusion of these changes resulted in a change in the
regional climate towards a closer agreement with the geological records, including a

reduction in temperatures, precipitation and growing — degree days over Québec.

The first distributed experiment design with the PMIP boundary conditions is not
a complete simulation for 6kyBP. In particular, the boundary conditions do not in-
clude land surface or SST changes. A step towards a more complete simulation was

performed in the second distributed experiment.

This work has validated the Artificial Neural Network (ANN) developed by Sanderson

et al. (2008). This was done by distributing the models with the parameter combi-
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nations derived from the emulator and comparing the actual ensemble’s sensitivity
values to the predicted ones. It verified that the models produce a climate sensitiv-
ity close the the value predicted by the ANN, encouraging the development of this
method. Neural networks could become an increasingly important tool in the climate
sciences, compensating for the incredible computing power needs of perturbed physics

GCM ensembles.

8.2 Climateprediction.net as a tool

Climateprediction.net serves well as a tool for exploring the climate sensitivity issue.
It has the advantage of being able to investigate huge numbers of parameter per-
turbation combinations, especially in the HadSM3 experiments. The project has an
impressive computing power and hopefully the research community can continue to

benefit from this for a long time to come.

With respect to paleo-climate studies, ensemble experiments are less relevant. In
particular the further back in time you go, when the uncertainties from the geolog-
ical records become more extensive. It is of more importance to investigate basic
climate dynamics in these experiments than the effect of atmospheric parameter per-
turbations and micro-physics. Climateprediction.net is a less attractive tool when
interested in simulating past climates that need extensive changes to the distribution
package, say where large changes to the boundary conditions are needed, e.g. changes

to continents, topography, land ice, surface characteristics or land—sea—mask.

It is however an excellent tool when what you are interested in changing or perturbing

is a constant/ parameter in the model distribution package. If it is merely a number
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in a list, it can be easily done and large ensembles can be generated.

This specific project has involved both pure paleo-climate and climate sensitivity
studies. The CPDN method has been a suitable tool as the mid-Holocene is such
recent past that plentiful observations exist and we have a certain confidence in what
the 6kyBP climate was like, also down to a regional level. The perturbed physics
method has allowed us not only to explore sensitivity — 6kyBP observational relation-
ships, but also to find parameter perturbation combinations that work particularly

well when attempting to simulate this period.

8.2.1 Some challenges faced in this project

Changing the distribution package from three— to four phases turned out to be more
difficult than expected. Partially because some of the relevant code was written many
years ago, when the project was first initiated, by scientists who have now left the
project. CPDN’s IT specialist managed to sort this out successfully in the end and

the four—phase distribution template is ready to be used for future projects.

Another issue arose when tackling the design of the second part of the experiment
where more land ice was implemented and the sea mask expanded. For this experi-
ment, separate start dump files had to be created for each of the four phases in the
distribution. In order to create the new start dump file, describing the state of the
world at the beginning of the model integration, a working installation of the model
in-house was needed. The Department has during my three years there undergone
major upgrades of the I'T systems, in particular the last year. For the majority of my

stay, we have unfortunately not had a working installation of the model, due to vari-
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ous issues, including servers breaking etc. This made the file creation for my CPDN
experiment rather more troublesome. Thanks to patience from the CPDN team, and
finally an installation of the Unified Model thanks to Milo Thurston, we managed to

reach our goals and execute the ensemble successfully.

The time when the model was not up and running in-house, provided at least an
opportunity to explore the available paleo-data more thoroughly and time was spent
trying to understand what work and just how much work goes into the derivation of

every single proxy data point.

8.3 Some aspects of the model uncertainties

Modelling uncertainties take on a number of forms. There are uncertainties in the
model boundary conditions and the approximations made in the models in the physi-
cal representation of the climate system. Approximations of the fundamental physical
equations are required. These approximations may differ between various GCMs. An
advantage of the perturbed physics approach is that you see the effect of the physical
parameter perturbations rather than structural biases in the models. Model parame-
ter uncertainties also arise from our lack of knowledge or understanding of processes
that exist on sub — grid scales. Resolution is only one of many uncertainty contribu-

tors in modelling.

The coupling of the slab model to the atmospheric GCM is an improvement to the
atmosphere only models as it predicts SSTs and sea ice extent. It is based on the
assumption that the ocean heat transport is prescribed at its present day value. A

constraint of the slab is therefore that it cannot simulate e.g. changes in the North
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Atlantic thermohaline circulation or changes in equatorial upwelling.

8.4 Uncertainties arising from the paleo—records

Issues to keep in mind when dealing with climate reconstructions from paleo—observations
arise from the use of multiple data sources (e.g. pollen, isotopes and noble gas), differ-
ing spatial scales from point— to area averages, more than one reconstruction from one
site, varying reconstruction techniques (e.g. forward modelling, inverse, constrained
analogue, analogue and response surface). Also, most reconstruction are without error
bars, as these are difficult to establish. The age models are an additional uncertainty

source.

The paleo-record sample distribution can bias temperature reconstructions by over
weighting certain regions (Viau et al., 2006). Ambiguities in the dating and interpre-
tation of individual records can be assumed. During the mid-Holocene the response
in some paleo-records might be dampened from the scale interactions between or-
bital and millennial scales because of the response’s sensitivity to climate variations
(Fisher, 1982). Millennial scale climate variations may be expressed differently or
not shown at all in some paleo-records. Viau et al. (2006) therefore suggests that
more data is needed to investigate the nature of millennial scale oscillations during

the Holocene.

Human disturbances could have been responsible for a decline in forest after 6kyBP
(Guiot et al., 2008). Lake level data is therefore more reliable than pollen data in

such regions, including e.g. China.
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Another aspect to keep in mind when handling pollen data is that certain types of
biomes produce more pollen than others and may be overrepresented in the records.
The pollen can also be carried large distances by the wind which might contribute
to a misrepresentation of biome distributions. Certain types of pollen are lighter and

can be more readily carried further distances.

There is a lack of quantitative paleo—reconstructions, though they exist for some re-
gions. We can use our knowledge of the dynamics governing the current climate
and make assumptions regarding the magnitude of change during the mid-Holocene.
Though the paleo-community should be encouraged to continue to develop informa-
tion on the quantitative changes in the paleo-climates. Qualitative benchmarks are

still useful, especially as a first assessment of the model skill.

8.5 The wider context

PMIP found a relationship between the climate in the control runs and the 6kyBP
runs, in which the models that produce a maximum increase in 6kyBP African pre-
cipitation furthest to the north are the ones with the northernmost rain—belt in the
control run (Joussaume et al., 1999). Furthermore the PMIP 1 ensemble underes-
timates the expansion of the North African Monsoon at 6kyBP compared to the
paleo-environmental observations (Joussaume et al., 1999). Some of the models un-
derestimate the precipitation increase at 23°N by 50% whilst other models do not

simulate a precipitation increase this far north at all.

The PMIP 2 simulations, however, produced larger precipitation changes across North

Africa than PMIP 1. The increase in the rainfall rate is found to reach further north
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and the magnitude is increased in the coupled OA (and OAV) models in the PMIP
2 ensemble compared to the PMIP 1 models. This emphasises the importance of the
ocean in enhancing the monsoon flow; there is a build up of warmth in the North
Atlantic subtropics and mid-latitudes during summer and a cooling south of the equa-
tor, strengthening the cross equatorial flow and maintaining the presence of the ITCZ
northwards of equator for a longer duration. The ocean seems to amplify the feed-
backs from the hydrological cycle and large—scale dynamics in the tropical regions
(Kutzbach and Liu, 1997; Braconnot et al., 2000; Zhao et al., 2007; Braconnot et al.,
2007D).

Braconnot et al. (2002) found that even though the insolation forcing at 6kyBP was
small, the resulting climatic change cannot be inferred from the control run. This
underpins the value of paleo-climatic research and how this provide an independent

testing ground for model skill.

Kutzbach and Liu (1997) and Hewitt and Mitchell (1998) ran OAGCM simulations
for the mid-Holocene showing that the changes in tropical South America were mostly
small and represent an enhancement of the orbital forcing changes only. Compared to
the PMIP results, using constant sea — surface temperatures, there were changes of up
to lmm/day, though at rather small spatial scales. Vegetation boundary conditions
have been shown to be important for Asia and Africa (see e.g. Claussen (1997)),
though it is unclear how important these feedbacks are for the South American cli-
mate. The models predict relatively small changes in 6kyBP tropical vegetation on
this continent (Harrison et al., 1998; Texier et al., 1997) and the data is unclear with
regards to the extent of tropical rain forest decline. In mid-latitudes, the vegetation

changes were on a small scale and vegetation has a less direct influence on climate.
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As seen in Harrison et al. (1998) the PMIP ensemble simulates an overall drying over
the south American continent, as seen in my ensemble. This drying results in more
arid vegetation types. Markgraf (1993) suggests that this is consistent with the rather
sparse data from this region. Modelling the climate of South America is particularly
challenging. The Andes Mountains are high and narrow making them difficult to
represent with the GCMs due to resolution issues. This affects the model’s capability
of modelling changes in the Andes Mountains, in addition to rain shadow effects and
the mountainous blocking effect (Valdes, 2000). The climate in the tropical low -
lands, including the Amazon Basin, is potentially sensitive to the model’s ability to

simulate convection, cloud cover and land surface processes.

The models in my ensemble produce a relatively consistent picture of temperature
changes, though with larger uncertainty for precipitation. Precipitation processes
are all sub — grid scale and sensitive to the model parametrisation. The convection
parametrisation is particularly important as it is the main process associated with

tropical precipitation.

Cases where the models are not exactly matching the paleo-environmental data, sug-
gest that the effects of the orbital forcing on the mid-Holocene climate are amplified
by some other mechanism. According to Tarasov et al. (1999), the effects of the

6kyBP atmospheric circulation changes are underestimated.

Mitchell et al. (1988) performed an ice sheet feedback experiment, simulating the
9kyBP ENA climate including the remnants of the Laurentide ice sheet. It was found
that the high latitude warming found in their standard 9k model simulation was

substantially reduced, particularly downstream of the ice sheet. In the ice sheet ex-
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periment carried out in this study, a localised cooling on and around the ice was also
found. The area and magnitude is much smaller compared to Mitchell et al. (1988),

mainly due to the different sizes of the ice sheets.



CHAPTER 9

Conclusions

9.1 Overview and basis for this study

This study has identified aspects of the climateprediction.net ensemble that are im-
portant in projecting the response of the real world climate system to anthropogenic
forcings. The work was motivated by the lack of perturbed physics paleo—ensembles,
as identified in the literature. This project attempted to rectify this and has success-
fully designed and executed the largest paleo—ensemble to date. This section reviews

the main questions and conclusions from this study.

9.2 A review of the main questions

The aim of this study was to investigate the climate response to various forcings in a

GCM ensemble. The main driving factors behind this work were:

— Establishing a set of robust 6kyBP climatic features for routine model testing.

164



CHAPTER 9. CONCLUSIONS 165

— Assess how well can we model past climates?

Evaluation of the impacts and importance of boundary conditions in the models.

Is there an upper boundary on climate sensitivity to be found in relation to the

mid-Holocene climate?

Provide the paleo—community with a grand ensemble of models.

9.3 Answers to questions

A set of six mid-Holocene features have been established based on a variation of
geological evidence. The climate patterns are mainly based on precipitation and
moisture budget proxies. One benchmark is based on temperature estimates derived
from pollen and lake data. Map—map and area—average comparisons where possible
should routinely be used to test the models. The thesis presents a thorough compi-
lation of mid-Holocene data, providing a useful overview of the 6kyBP climate, and

a novel approach to benchmarking GCMs.

It has been seen that the GCMs are capable of simulating the broad-scale character-
istics of the mid-Holocene climate. There is a certain amount of variability within the
ensemble, with some parameter combinations faring better than others. An optimum
parameter combination for simulating the 6kyBP climate with the Hadley Centre
model has been found. The results highlight not only some of the model’s strengths
and weaknesses, but also the need for better and more paleo-data, in particular quan-

titative data.

Forcing the model with the standard PMIP boundary conditions for the mid-Holocene
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results in a reasonable ensemble mean response comparative to the geological evidence
from this era. Some deficiencies in the modelled representation of the mid-Holocene
climate were found, however, in particular, the models underestimate the northwards
expansion of the North African monsoon and misrepresent the eastern North Ameri-
can micro-climate. A sensitivity test of the monsoon response to vegetation feedbacks
proved the importance of the surface conditions in the model. Changing the boundary
conditions in ENA to include the remnants of the Laurentide ice sheet and expand
the Hudson Bay resulted in a more representative mid-Holocene climate. The local
temperatures and precipitation rates were reduced, comparing more accurately with

the paleo—records.

A part of this work has involved searching for an upper boundary on climate sensitivity
through a relationship with the mid-Holocene climate. Encouragingly, a relationship
was found between area—averaged annual precipitation rates in a region dominated by
the East Asian Monsoon and climate sensitivity. An upper limit of 6.1K was found
in this observation rich region. The lower bound found here, of 2.5K, is comparable

to the lower bounds found in other perturbed physics ensembles (Figure 1.1).

The ensemble results are freely available for download via the project’s results pages

(http://results.cpdn.org), offering an outstanding resource to the research community.

9.4 Implications of the study

A number of studies focus their efforts on one mid-Holocene climate feature, e.g.
European temperatures or the Asian or African monsoons. Here it is suggested that

more efforts should be made towards testing the GCMs against more than a single
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pattern to improve our confidence in the models.

Having found a suitable parameter combination for realistic simulations of the 6kyBP
conditions, this can be used as a guideline for future simulations attempting to address
questions regarding the 6kyBP climate. The ensemble can also be used to retrieve
information on parameter settings resulting in models with e.g. a particularly warm
climate, if interested in modelling past warm period. E.g. the default parameter val-
ues in HadCM3 do not simulate warm enough conditions for the Eocene and Pliocene

climates (Valdes, pers. comm., 2007) (Haywood and Valdes, 2004).

The evident failure to model the full northwards expansion of the North African
paleo-monsoon suggests the need to include other feedback mechanisms in the model.
Furthermore, the inclusion of more realistic boundary conditions could bring the mod-
els to a closer agreement with the geological records. Or possibly the need to review
the paleo—evidence more closely. Perhaps plant physiognomics have evolved over the
last 6000 years? Though this is less likely on such relatively short time-scales. Or
less moisture was needed to sustain perhaps more of a patchy vegetation cover that
far north in the Sahara. It certainly suggests the need to revise the forward and
inverse modelling techniques used. Another possibility is that the pollen could have
been wind born and sourced from elsewhere than the Sahara. Perhaps the idea of an
expansion over the whole of North Africa, c.f. the zonal profiles in Joussaume et al.
(1999); Hoelzmann et al. (1998), is somewhat simplified. There might have been an
increase in the 6kyBP moisture budget throughout western North Africa and less
so in the northeast. When not even such a strong boundary condition perturbation
(desert changed to rain forest) can kick a model out of the dry regime, one has to not

only question the structural soundness of the model, but also our confidence in the
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paleo-data.

There is the possibility that the GCMs are underestimating the mid-Holocene SST
changes. This could be part of the explanation for the underestimation of the north-
wards expansion of the monsoons. A reduction in SSTs in the Gulf of Guinea and an
increase in SSTs in the North Atlantic, i.e. an anomalous northwards SST gradient,
amplifies the 6kyBP North African monsoon (Liu et al., 2004). An increase in this

gradient could possibly amplify the monsoon further.

Including the more refined boundary conditions in eastern North America showed
that small changes in the boundary conditions can have an important impact on the
results. This inclusion is a positive step towards a stronger agreement between the
paleo-records and the models, suggesting that new 6kyBP modelling efforts should

include these boundary condition changes.

Further investigations into the relationship between the mid-Holocene climate and
sensitivity is needed. It would be of interest to see if there is a similar relationship
found in other GCMs as that found in this ensemble of high end sensitivity model un-
derestimating and low sensitivity models overestimating the moisture budget anomaly

in southwestern China.

Researchers are encouraged to make the most of the large number of simulations
made available through the efforts made in this project, including the hard working

and dedicated CPDN team and the volunteer participants.
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9.5 Future work

The first item on the agenda would be to analyse the full ensemble, as not all models
had been returned at the time of analysis for this thesis. This would increase the
certainty of the results, although it is considered that the runs analysed here already

provide reasonable statistical robustness.

A mid-Holocene vegetation ancillary file could be developed for the model, based on
the existing pollen data base. This ancillary file would be suitable for a model set—
up run without interactive vegetation scheme. This would impose a circularity issue

however, if the model results are benchmarked against pollen data.

The work could be extended by running the ensemble mean climate anomalies through
the offline vegetation model BIOME4 and compare the resulting vegetation maps to
that of BIOME 6000 as a further test of the models. This has not been done yet due to
time constraints. It has been a priority to check that the climatic response to the mid-
Holocene forcing is realistic before the more detailed biome counting. Running the
results from the 6kyBP experiments with the ice sheet would be a natural extension

of the model testing in ENA.

Searching for other paleo—constraints on climate sensitivity is another direction to
extend this work. Less time has been spent on this exercise in this study as one

might question the usefulness of climate sensitivity as a concept (see Allen and Frame

(2007)).

Since the (hard) groundwork for four — phase distributions now has been made, it is

possible to use the set—up for new distributions investigation other time—periods. It
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could be particularly interesting to design an ensemble for the Last Glacial Maximum
and see how the CPDN ensemble compares to the other LGM simulations already

performed by other modelling groups (see e.g. Covey et al. (2001)).

A natural continuation of the project would be to use these paleo—tested models for

future prediction efforts.

Finally the work presented here highlights the need for better synthesis of paleo-

climate data.
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Parameter Definitions

The following is a list of the parameters perturbed in the climateprediction.net en-
semble and a description of them

(http://www.climateprediction.net/science/parameters.phpp, (July 2006)).

alpham and dtice: relates the albedo of the sea ice to temperature.
ct: rate of droplet conversion to rain.

cw_land and cw_sea: expresses how much water there is in a cloud when it starts to
rain. A function of CCN, Cloud Condensation Nuclei, e.g the more CCN, the

more and smaller raindrops.

entcoef: entrainment coefficient. Determines how fast the mixing rate is between

convective clouds and ambient air.
vf1: ice fall speed. Important for cloud development and precipitation amounts.

ice_size: radius of ice crystal in clouds, assuming they are spherical. Important with

regards to the reflective properties of clouds in the radiation scheme

171



APPENDIX A. PARAMETER DEFINITIONS 172

eacf: Empirically Adjusted Cloud Fraction. Says how much cloud cover there will

be when the air is saturated.

rherit: critical relative humidity. A relationship between the atmospheric humidity

and cloud amount in a grid box.



APPENDIX B

Default Parameter Values

The table shows the default values for the parameters perturbed in the models.

Parameter Default value
alpham 0.5
ct 1.0x1074
cw_land 2.0x1074
cw_sea 5.0x107°
entcoef 3.0
vil 1.0
ice_size 3.0x107°
dtice 10
eacf 0.5 on all 19 vertical levels
rherit 0.95, 0.9, 0.85, then 0.7 on the top 16 levels
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ENA ancillary file perturbations

Aorography [m] ASea mask 6k — 0k

= -n
I=d

1200 115w 110w 105W 100N 95w 90w  B5W  BOW  75W 70N 65M  6OW

T20W  115W  110W  105W 100w  95W  9OW  BSW  BON  75W 70N 65W  6OW

(a) AOrography height (b) ALand-sea—mask
Figure C.1: (a) The difference in orography height between the new and old ancillary files.
(b) The difference in land-sea mask. These five grid boxes are changed from land to sea in
the new and more refined boundary conditions.

This appendix covers the changes made to the vegetation ancillary file for the mid-
Holocene simulations, as described in Section 3.4.2. The file contains ten fields that
are all simultaneously changed; the root depth, snow—free surface albedo, surface
resistance to evaporation, roughness length, surface capacity, vegetation fraction,
infiltration factor, deep snow surface albedo, leaf area index and canopy height of

vegetated fraction. The changes to the orography and land-sea—mask are also shown.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 09 -0.4 -0.35 -0.3 -025 -02 -0.15 -0.1 -005 O

100W 0 1 100W

0 10 20 30 40 50 60 70 80 90 0 005 01 015 02 025 03 035 04 045 05 055

(d) ASnow free surface albedo

-60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5

(e) Surface resistance to evaporation (sm~1) (f) ASurface resistance to evaporation (sm~!)

100W 0 1 100W

0.1 0.2 0.3 0.4 0.5 0.6 0.7 -0.035 -0.03 -0.025 -0.02 -0.015 —-0.01 -0.005 0

(g) Roughness Length (m) (h) ARoughness Length (m)
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APPENDIX D

North African vegetation changes

The following plots show the difference between the new and the old vegetation an-
cillary files in Africa and the Middle East in the right hand side column and the new
vegetation fields in the left column.
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