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Modelling the Biosphere-Atmosphere System

A quick tour of the whole field of Ecological Modelling (I’'m not here to convince you that this is a field you
should go into: this is just a quick and (reasonably) friendly tourist visit).

PART 1. What kinds of models are there?
Niche-Based Models (NBMs) and Mechanistic Models
An Example about Wine
Land Surface Models (LSMs)
Applications of LSMs

NBMs vs. Mechanistic Models

PART 2: How to actually do modelling
Systems Analysis (System Dynamics)
Coding (inc. a demonstration)
Geographic Information Systems (GIS) (inc. a demonstration)

Sundry points

PART 3: Case Study of the Amazon Dieback
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PART 1: Niche-Based Models (NBMs) and
Mechanistic Models
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Niche-Based Models and Mechanistic Models

In Ecology there is a major division between two types of simulation model:

NICHE-BASED MODELS (NBMs)
Also called EMPIRICAL/DATA-BASED MODELS

(e.g. Climate Envelope models, Bioclimatic Envelope models)

and

MECHANISTIC MODELS
Also called PROCESS-BASED MODELS

(e.g. Land Surface Models (LSMs); Dynamic Global Vegetation
Models (DGVMs), Agent-based models, Neutral models)

Both NBMs and mechanistic models can be either deterministic or stochastic. Deterministic means every time
you run it you get the same result, stochastic means there is an element of randomness in the simulation.

Regression fits, ANOVAs, Generalised Linear Models (GLMs) and Digital Elevation Models (DEMs) are also
models, but they’re not simulation models and won'’t be discussed here.

- 9‘ SCHOOL OF GEOGRAPHY
AND THE ENVIRONMENT




The Development of Ecosystem Simulation Models
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Niche-Based Models (NBMSs)

Prediction for sessile oak (Quercus petraea) from the niche-based model BIOMOD (Wilfried Thuiller at Grenoble,
France: http://www.will.chez-alice.fr/).

BIOMOD works by calculating regressions between current species distributions and climate, then taking future
climate predictions and deducing likely future species distributions from them.

Loss of habitat by 2080
Stable habitat
Gain of habitat
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Mechanistic Models

The approach here is to break the whole ecosystem down into components and model each process individually.
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An Example about Wine
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Q1 This grape variety is a black grape used to make full-bodied red wine in Spain. It's name is a diminutive
of the Spanish word for « early » in reference to the fact that it ripens several weeks earlier than most
Spanish red grapes. It is the main grape used in Rigja.

Q2 This variety of grape originated in the 17th Century in SW France. It was made famous because of its
wide use in Bordeaux wines and it is widely planted in Napa Valley, California, Maipo Valley, Chile and
Coonawarra, Australia. This grape was the world’s most widely-planted red wine grape before losing its
crown to Merlot in the 1990s.
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Niche-Based Models (NBMs): An Example about Wine
These grape varieties grow in well-known locations in Europe.

If climate change makes Europe ~4°C warmer, what will happen to the grapes?

Current European temperatures

e

Future temperature change
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Niche-Based Models (NBMs): An Example about Wine

Grapevine Climate Groupings (Celsius)
13 15 17 19 20
Cool Intermediate Warm Hot
[ Muller-Thurgau . <+—» Bordeaux
) . [ Pinot Gris |
Next, we collect together dgtg on the climatic e T——» Napa
tolerances of these grape varieties. I o 5
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temperature tolerances. [ sauvignonBianc_ |
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) . | Cabernet Franc |
Effectively, we are assuming here that the I Tempranilo ]
bioclimatic niche of these grape varieties is [ poketto |
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Niche-Based Models (NBMs): An Example about Wine

Now put this all together and you
can make a prediction of where
the growing areas for these
grapes are likely to move to:

/Sauvignon_ g
/ ;a";h"} > ‘I

Tempranillo,

Y- i

Sangiovese
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Niche-Based Models (NBMs): An Example about Wine

OK, maybe the mint tea will never replace wine, but this kind of analysis gets British wine-growers very
excited (see this map where even the Scots are dreaming of vineyards ... !).

The wine industry in Europe is extremely concerned about what may happen to their grapes over the
course of the next century and large amounts of money are at stake. Not only are they concerned about it:
they are responding already to what these models predict will happen. For more, see the Oct 2012 article:
http://qz.com/6578/what-is-global-climate-change-doing-to-our-wines/ .

I - "* Wine-growing regions
Ll in Britain over time
1y S

X
D
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Source: Richard Selley, Petravin Press
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Niche-Based Models (NBMSs)

This approach can be applied globally, of course. For that, you need to consider more habitat variables than

just temperature, which means using a bioclimatic zones system. The most widely used in the tropics are
Holdridge (below) and Képpen-Geiger.

Predicts climax

vegetation &L
: &
and soils
<
o
Latitudinal Altitudinal
Belts Belts
Palar Mival
1.5° - e K-
:G N Subpolar Alpine N
P, &
‘5 Boreal Subalpine
- o o
W 6 e, - 6
fu}]
E- Cool temperate Montane
G 12° A N TN TN IS O AN 12°
"5 Warm temperate Lower montane
@ 4o _subtropical /A S\ A N fre-montane 1.
Tropical ‘, ) Forest e—
\ o © (8] o o ! I3
: ) ) ) ) 7
¥y v ¥ & T F F S
Annual precipitation (mm)

AND THE ENVIRONMENT




Niche-Based Models (NBMs)

Application of an NBM to assess the
likelihood of climate-driven
conversion of Amazon rainforest to
savanna (Malhi et al. 2009, PNAS).

Note that model no. 2 here predicts
this Eastern Amazonian rainforest
changing into savanna (=dieback).
WEe'll return to this in the Case Study
shortly.
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An evaluation of GCM simulations in change of rainfall regime in E.

(B) The trajectories of changes in GCM rainfall regime when recalculated as
relative changes forced to start from the CRU observed climatology. The tip of the
arrow indicates the late 21st-century rainfall regime. Our suggested savanna

zone is shaded (MCWD < —300 mm, AP << 1500 mm).
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Land Surface Models (LSMs)
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Land Surface Models (LSMs)

In mechanistic models, you simulate the processes of current vegetation dynamics explicitly (calibrating the model
on currently-observable dynamics) and then run the simulation forward to predict future distributions. Here’s how
NASA explains the concept:
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Land Surface Models (LSMs)

Climate models handle all the stuff ‘up there’ above the turbulence layer above the forest canopy top, and the

products of these models is used to run vegetation simulations.
50% absorbed, reflected, and

scattered by the atmosphere 50% reaches ground
19% absorbed
by clouds and
atmosphere
23% reflected : ) = 3% reflected
by clouds y by Earth’s
< surface

47% absorbed @

by Earth’s surface

» Worldwide climate models are called Global Circulation Models (GCMs), e.g. HadCM3 (Hadley Centre, UK),
ARPEGE (France). These work at a large scale (usually 300 x 300 km grid cells).
* Predictions of future climate are based on scenarios (SRES, RCP) of future social development, carbon

emissions, industrial production, etc..
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Land Surface Models (LSMs)

I's not always the climate controlling the land surface, however: here’s the ‘soil precipitation effect’, which is an
example of a land-atmosphere feedback.

... which causes ERarog
rain wets SRRl W .i.nducingy
the increase in additional
siiifice subsequent oo
s precipitation

...which affects
the overlying
atmosphere...

...causing soil
moisture to
increase...
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Land Surface Models (LSMs)

This is the general structure of a Land Surface Model (from Prentice et al. 2007):

Climate, PAR, [CO,], N deposition, soil physical properties

4 4 4

Fast processes
minutes - hours

Canopy
exchange
& vegetation

physiology

Soil heat &
moisture
dynamics

Intermediate processes
days - weeks
Vegetation
Vegetation C,N SoilC, N
phenology allocation dynamics
& growth
Ecosystem
State
o~ T~ Slow processes
"'7‘0' tati \‘ d b months - years
'c:c?'l?eoi:;ilt?:n Litter &
1\ & st?ucture ' l\ soil C, N
-—) ; 9 F Vegetation
‘-.___.“;.--—-..: _ dynamics &
’f \‘ disturbance
1 Soil 1
" water !
A\ Vi
>, - - 4

Fig.15.2.

DGVMs are structurally rather
similar. This figure illustrates
a typical structure, showing
driving variables, main process
modules (organized by opera-
tional timestep) and state vari-
ables




Land Surface Models (LSMs)

JULES (Joint UK Land Environment Simulator http://www.jchmr.org/jules/ ) is the Land Surface Model that |
use (it's one of ~22 such models around the world and is the UK’s contribution to this field).

Select a Page:
& JULES Home
& Description of the code _ .
¥ science in JULES ! ™%
& Management of JULES Lot
G Con:z‘lel.ls } 5 “
& Saence meeinas JointUKSEand EnvironmentfSimulator:
& useful links

JULES is the Joint UK Land Environment Simulator. It is based on MOSES (Met
Office Surface Exchange System), the land surface model used in the Unified Model
of the UK Met Office (UK Meteorological Service). MOSES was originally designed to
represent the land surface in Meteorological and Climate models, but is increasingly
used for other purposes: predicting river flows, identifying global wetlands,
quantifying water resources. It was therefore decided to officially release the model
from its original role in two ways. Firstly, the model should become a community
model and secondly, the model should be used and developed independently of the
meteorological and climate model.

The code is available for any researcher, free of charge - for more information visit
Get the code.

The development of the code is ongoing. An overview of the science of JULES is
given in Description of the code and the community process is outlined in
Management of JULES.

For further information, please contact jules@jchmrorg. uk

Met Office Contretor, 1 otogy

-----------
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Land Surface Models (LSMs)

Fieldwork is key: we still need better data for these modelling efforts: meaning really good, quantitative
carbon cycle data. This has been a strong motivating argument behind the network of RAINFOR Intensive
sites set up by the Ecosystems Lab here and now called GEM (http://gem.tropicalforests.ox.ac.uk/).

Mali Niger : Sudan

-y

South
Pacific

C()(‘)gk’ W Map data ©2013 MapLink 1000 km L—
- Site - Plot - Field station
o
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Land Surface Models (LSMs)
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Land Surface Models (LSMS)
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Applications of LSMs
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Applications of LSMs

Hanson et al. (2005) showing a comparison of LSM simulation results to data from flux tower sites.

BGC++ — EALCO —— L2RAS o MAESTAA wemme Mean Prediction
BIOME-BGC - ecosys «— LUNKAGES SPA e Observatons
CANCAK INTRASTAND LoTEC

230 235 240 245 250 255 260 265

Drought period in 1998 (day of year)
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Applications of LSMs

The SORTIE model: an example of an individual-based gap dynamics model.

A 500-year SORTIE forest simulation
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Applications of LSMs

A forest carbon budget is composed of fluxes into (deposits) and fluxes out of (withdrawals) the forest carbon
stock (in a forest context, these are usually in the form of CO,):

Photosynthetic CO,
fixation
= Gross Primary
Productivity GPP

(fluxin) & Carbon Allocation and Cycling:

A RAINFOR-GEM Field Manual for Intensive Census Plots

' See the RAINFOR GEM protocols 2
http: //qem troplcalforests ox.ac. uk/

Other important quantities:
Net Primary Productivity NPP (total NPP, i.e. both
above- and below-ground) = GPP - R,
Net Ecosystem Productivity NEP = GPP - R,- R,
Carbon Use Efficiency CUE = NPP + GPP


http://gem.tropicalforests.ox.ac.uk/

Applications of LSMs

GPP tends to decline with elevation in the Koshipata Valley, SE Peru, ...
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Applications of LSMs

...but carbon use efficiency (NPP/GPP) shows no trend with elevation.
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Applications of LSMs

Over the last few years, fieldwork from our group in Oxford has pointed towards values for CUE
(=(NPP/GPP) =1-(R,/GPP)) being generally around 0.30-0.40 in tropical forests as opposed to 0.50-0.60 in
temperate forests (Marthews et al. 2012, GCB).

-160° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150° 180°

00
-30° 3

& NPP/GPPratio ‘ ' i B
-60° | -l N BN ] e .

<045 0.45-0.5 0.5-0.6 0.6-0.65 0.65-0.7 @ >0.7

Figure 1 Global spatial pattern of the average NPP/GPP ratio.
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NBMs vs. Mechanistic Models

Disadvantages of NBMs:

- Low validity for runs in new areas

- Low validity for far-future predictions

- Acclimation of species cannot be modelled
- Novel species mixes cannot be modelled

- Time-related effects such as transients or lag
effects cannot be modelled.

- High dependence on quality of the climate data
driving the model

- High dependence on choice of habitat variables

- Predictions are ‘explanation-less’

Disadvantages of Mechanistic Models:
- Require lots of biometric data

- Complex and therefore difficult to explain and
justify to others (e.g. protected area managers)

- Time-consuming to set up

However, it's not really an either-or choice: we need NBMs for quick-response solutions and for robust
predictions we need the greater detail of Mechanistic Models.
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PART 2: Systems Analysis (System Dynamics)
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Systems Analysis (System Dynamics)

Editors: John Wainwright and Mark Mulligan

ond Edition

Environmental

Systems analysis is the ‘study of the composition and M O d e I I I n g
functioning of systems’. Finding Simplicity in Complexity

\/
Systems are comprised of compartments or stores N

that represent quantities (e.g. height, mass) and which / ‘
are added to or subtracted from by flows or fluxes (e.g. v
height increment, evaporation).

The System Dynamics approach to modelling (Jay
Forrester, MIT in the 1950s).

. z
Supply Flom

b3
Y

Stock
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Systems Analysis (System Dynamics)

These sorts of diagrams are called Forrester diagrams.

CAMNiwore
respiration

herbiwore
respiration

4] plart

respiration

) E - ook
Supply F oy

detritus= _ detritivore
consumption respiration

Data flow diagrams and GIS workflows are similar.

— Change ’»
D [al:::l:ﬁ: Matrix

= Table #1_J »! Set Key 1.003 % Table
-3 "net rate##.
e Y csw" 4
= Table g2

Calculate Map

implement a logit equation in a
calculate map using the
coeficients output from a logistic
regression model derived in PS5 --———-—-————-——————————— -
statistical package, as Follows:

ArcGIS Model Builder

Pij = power(e, axl +bxZ2 +cx3
ol (1 + powerl(e, axl +bx2
+cx3 L))
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Systems Analysis (System Dynamics)

Editors: John Wainwright and Mark Mulligan

Constructing models through a ‘flowchart’-style interface

is called Model Building. Second Edition

Here is a selection of Graphical Model Building i

Environments (Dinamica Ego is freeware, the others M O d e I I I n g

please check): Finding Simplicity in Complexity
v =

*STELLA

(http://www.iseesystems.com/softwares/Education/Stella / \

Software.aspx)

*Dinamica EGO (http://csr.ufmag.br/dinamica/)

*SIMILE (http://www.simulistics.com)

*VENSIM (http://www.vensim.com)

*Powersim (http://www.powersim.com)

*ModelMaker (http://www.cherwell.com)

*SIMULINK (linked to MATLAB)
(http://www.mathworks.co.uk/products/simulink/)

#WILEY-BLACKWELL
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Coding

Programming languages are either script languages or compiled languages. Scripts are relatively slow but
are much easier to write. Using compiled code means you have to use a compiler (which is often
surprisingly problematic) but your code runs 100x faster.

*| use R for all my scripting, which is freeware. See my Friendly Beginners’ Online R
Course at http://www.tobymarthews.com/course-notes.html. The huge advantage of
R is that every statistical test you can imagine is implemented in it so you don’t need
to use SPSS or SAS or MiniTAB (etc.) ever again.

| *Python is a free script language more or less equivalent to R. Python is widely-used
ﬁ pgthOﬂ in large organisations such as Google, Yahoo!, CERN and NASA. It is partially
integrated with ArcGIS as ArcPy.

MATLAB
*MATLAB is another script language more or less equivalent to R but perhaps with

some better graphics routines. It is widely used in engineering and academia (inc.
this department) but it's not free and licences are expensive.

- ﬁ SCHOOL OF GEOGRAPHY
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Coding

*Options for compiled languages are more restricted, but basically
you will almost certainly use either FORTRAN or C:

-C and FORTRAN are more or less equivalent.

«C++ and Java are object-oriented so that it's easier to write apps
and server code, but | have not yet found any application in
ecology where this was necessary and it's usually easier to write
in C or FORTRAN.

*To use any compiled language you almost certainly need
familiarity with UNIX too.

THE
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Coding

Quite amazingly considering how fast things change in the world of computers, the earliest of all the
programming languages is still the most powerful one to use and the one used universally for compiled
applications at the MET Office and in most climate labs.

All script
languages

Fortran in 1956

Fortran

Simplicity

-
Performance

MICHAEL METCALF
JOHN REID

...and in 2011 MALCOLM COHEN
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Coding

Most popular programming
languages on Freshmeat

/ C
/ H C++
; B Java
JavaScript
u Perl
B PHP
Python
m sqQL
u Tcl

Unix Shell

So which is the best? Well, it depends who you ask (of course). The
TIOBE Programming Community Index puts C and Java at the top
(Nov 2013), but | found these other measures too.

Note that FORTRAN does poorly on all these popularity scales, but of
course that's like saying Aldabra is not an amazing place to go to
because hardly anyone has been there ....

If you want to learn coding | suggest to choose one of the 1% Datatken: Sunday, January 281 2007

script language DEMONSTRATE SOME R WORK

“programming”

What programming languages you used for data mining / data analysis Most Popular Coding Languages of 2013
in the past 12 months? [570 volers]

R (257) I 45%
sQL (184) I 32%
Python (140) I 5%

Java (139) I 24%

SAS (121) I 1%

MATLAB (83) I 15%

CIC++ (73) . 13%

Unix shelllawk/gawk/sed (59) I 10%

Perl (45) 7 9%
Hadoop/Pig/Hive (35) HE1%

Lisp (4) 10.7%

Other (70) I 12.0%

None (7) 11.2%
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Coding

Left shows rainfall data for Sinharaja, Sri Lanka.

Right shows a possible analysis based on those data that took me only minutes in

R but would be very tricky to do in MS Excel. The commands are on the right —
(very tiny but you can expand it on the downloaded lecture notes)

Slnharaja Ra|nfa“ data 1984'85 80% of storms at Sinharaja last 2 days or less
250 s0 20% of storms may cause landslips
o _
—_ o
200 £
S
—_ 2
IS 5 O
£ 150 £
8 9 @ _
[ o
.g 8
> 100 — E
8 S S
so H-H-HH-H+— & +hHiH-H— &8 bl >
a
O i N Y — | - T - S e H g_ |

O1/01/198410/04/198419/07/198427/10/198404/02/198515/05/198523/08/198501/12/1985 f I I I I I




SouUTH
» PACI¥FLIC
QCEAN

SOLTITLERN DELEAN

OV M ERAR e AR

Geographic Information Systems (GIS)

& SCHOOL OF GEOGRAPHY
- /AND THE ENVIRONMENT s




Geographic Information Systems (GIS)

*Personally, | use ArcGIS from ESRI because many large
firms use it.

*ENVI is probably ArcGIS’s closest competitor.

*The leading freeware package is QGIS (which
incorporates the tools of Grass GIS as well)

ArcGIS 10.1

o \.JWJ
D2 Dufour
Sl
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Geographic Information Systems (GIS)

File Edit View Bookmarks Insert Selection Geoprocessing Customize Windows Help ORE&E LR x| 9 ™| b 1165974707 v BEEEBE }“| l"

R RQ M @35« -0 8@ 7 B2 mzémm@ﬁ
' 2 x
(]--. Schematics Tools -
= =7 Wetlands Project (-8 Server Tools
[ World Cities - & Spatial Analyst Tools
[0 wetland types & Conditional
[0 WorldBoundaries_ESRI % Density
O Soils_Py - & Distance

(- & Extraction
@& Generalization
-8 Groundwater
: & Hydrology
& Interpolation =
7- & Local

E]& Map Algebra

O RGI

[0 Greenland_Hydrologic_Sub_Basins
[ hydrolk.tif

[ alaskapixels

[0 HlKnoalaska

[0 CTinoalaska

[ Evans

[0 TINSFnoalaska L.#, Raster Calculator
[ TInoalaska 3 - Matl‘r )
= = (-8 Multivariate
Value ()-8 Neighborhood
l High : 25.0044 61§ Overlay
(-8 Raster Creation
“Low:-1 ()-8 Reclass
()-8 Solar Radiation s
[0 Mtwara - & Surface il
O all_hydrosheds_upl.tif D-»& Zonal

[ all_hydrosheds_dem.tif

= [0 Basemap
OpenStreetMap

Ocean_Basemap

#, Zonal Geometry

#, Zonal Geometry as Table
& Zonal Histogram

#, Zonal Statistics

#, Zonal Statistics as Table
| | @B Spatial Statistics Tools

-8 Tracking Analyst Tools L

1

1

< mn MEE | e o o< m | »
Q 112°43'46.0705"W 69°47'46.9067"S
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Geographic Information Systems (GIS)

File Edit View Bookmarks Insert Selection Geoprocessing Customize Windows Help NRES LB x| 9 o~ d- 1506108 2 Gl @ B | Pa| v? o
Dufcu I NIRRT RS Q&"‘IO\::::N' @'J L -w‘n!éxvhJ@

[

Table Of Contents

e v & Conditional
wetland types e & Densi
WorldBoundaries_ESRI - i
O Soils Py QuiNhon ()-89 Distance
O Ral 31 ()-8 Extraction
[ Greenland_Hydrologic_Sub_Basins & g 2eneradlmlzla:|on
O hydrolkitif 8 Py H’;::zlog: e
@ O shkapice DEMONSTRATE SOME A GIS WORK : i
0 HiKnoalaska r C Ej 2 inter;l)olatlon
- oca
CTlInoalask ;
o o e _J =) & Map Algebra
[ Evans Nha Trang
------ L. %, Raster Calculator
[0 TINSFnoalaska & Math
[0 Tinoalaska 8& M:Itivariate
- 4 ' )-8+ Neighborhood
Value Krong Kaoh Kong, 6. Overlay
High : 25.0044 Z
l (-8 Raster Creation
st (-8 Reclass
(-8 Solar Radiation 3
O Mtwara ()-8 Surface
O all_hydrosheds_upl.tif
[ all_hydrosheds_dem.tif
[J Basemap
#, Zonal Geometry as Table
‘X Zonal Histogram
#, Zonal Statistics
------ “\ Zonal Statistics as Table
[]--. Spatial Statistics Tools
™ | @8 Tracking Analyst Tools L
< m ] » B|&n < PR Vv 3 -

~

"+ [ArcToolbox

. Schematics Tools ]
- Server Tools
E] . Spatial Analyst Tools

107°41'58.1441"E 12°10'36.5602"N
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Geographic Information Systems (GIS)

Blue shows the suitable habitat for this example Cambodian amphibian that can only survive within 7 km of a
river and >5 km away from major roads. All details in the lecture.

- Kingwoogd
-Logging
Eoncession

g SrGiol Wilditfs-
g SN VIET NAM
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Spatial Scale

| won’t say much about spatial scale here, but | mention it because it's something you need think about when
considering which model to use.

10%yr
A
B Regional Knowledge
S decrease
E R S e
@
s
second | > o &
..... f |
cm > 10% km
log (space)
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Spatial Scale

Sitch et al. (2008): GCM resolution 3.75° x 2.5° (1631 global gridboxes). Simulation resolution depended on
resolution of available climate data, computing power. Input data: Climate data (temperature, precipitation,
SW Radiation, windspeed, surface pressure), atmospheric composition (CO,, other GHGS), soil texture - not
all available at the same resolution.

HYL TREE
90°N . .

o
60°N

30°N
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Do you need mathematics?
THE WALL STREET JOURNAL.

NATURALIST E.O. WILSON

pril 5, s of 10:07 PM EDT

Home \World Europe LK. U.S. Business Markets Market Data Tech Life

ESSAY

Great Scientist # Good at Math

LO R

E.O. Wilson shares a secret: Discoveries emerge from ideas, not number-crunching re) .F + k e
Article | Comments (244)
Hiemail | depprint | Edsave @ | fRY Rin] A A
By E.O. WILSON

For many young people who aspire to be scientists, the great bugbear is
mathematics. Without advanced math, how can you do serious work in the sciences?
Well, I have a professional secret to share: Many of the most successful scientists in
the world today are mathematically no more than semiliterate.

I During my decades of teaching biology
at Harvard, | watched sadly as bright
undergraduates turned away from the
possibility of a scientific career, fearing
that, without strong math skills, they
would fail. This mistaken assumption
has deprived science of an
immeasurable amount of sorely needed
talent. It has created a hemorrhage of
brain power we need to stanch.

e o= D . .
: | speak as an authority on this subject
Vshram Mursdyan because | myself am an extreme case.

As Seen on
Public Television

MNewton invented calculus in order to give substance to his imagination. Darwin had little or
no mathematical ability, but with the masses of information he had accumulated, he was
able to conceive a process to which mathematics was later applied.

For aspiring scientists, a key first step is to find a subject that interests them deeply and
focus on it. In doing so, they should keep in mind Wilson's Principle No. 2: For every
scientist, there exists a discipline for which his or her level of mathematical competence is
enough to achieve excellence.
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Case Study of the Amazon Dieback

In the late 1990s, it was noticed by several researchers that running future simulations for the Amazon forest
to 2050 under some global warming scenarios produced a huge ‘dieback’ of the forest as its eastern portions
dried out and converted to savanna (White et al. 1999, GEC; Cox et al. 2000, Nature; Cox et al. 2004, T&AC,;

Malhi et al. 2009, PNAS)

KLIMA

Walder auf der Kippe

Wiisten am Amazonas, Steppen in Europa, Milernten in
den USA: Kann der Treibhauseffekt dazu
fithren, dafl das Okosystem Erde plotzlich entgleist?

dhrend Nicaragua, Honduras und

s ’s } El Salvador in Schlammfluten er-

trinken, befalt sich ein Forscher

im schottischen Edinburgh mit einer Kata-

strophe ganz anderer Art: ,,In den siid-

amerikanischen Tropen®, warnt er, ,,wird
das Wasser knapp.“

Andrew Friend heift der Vater des
befremdlichen Szenarios. Zusammen mit
seinen Mitarbeitern hat er ein Computer-
programm geschrieben, das simuliert, wie
Wilder, Wiisten und Steppen auf den Treib-
hauseffekt reagieren werden. Als er es star-
tete, spielte sich auf seinem Monitor ein
furchteinflofendes Drama ab. Hauptdar-
steller: der blaue Planet.

Auf dem Bildschirm sah es aus, als habe
eine Krankheit das ganze Okosystem Erde
befallen. Die Infektion begann im tropi-
schen Brasilien und breitete sich von dort
iiber den ganzen Globus aus.

Erst, so Friends Computer-Prognose,
verdorrt der Dschungel am Unterlauf des

Klimaforscher Friend
Kakieen treten das Erbe der Lianen an

Computer den Kassandraruf entlockt. In
der argentinischen Hauptstadt verhandeln
gegenwartig Umweltpolitiker aus aller Welt
iiber den Klimaschutz. Vor einem Jahr ha-

Trockene Aussichten o0
Vegetationsveranderung

in Stidamerika; Simulation
von Andrew Friend

Wiiste _|

Trockensteppe |
Feuchtsteppe |
Savanne -

Tropischer Regenwald ]
GemaRigter Regenwald B
Nadelwald Il

Mischwald [l

o Prognose
2050

|
|

254 DER SPIEGEL 46/1998
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Case Study of the Amazon Dieback

Acceleration of global warming
due to carbon-cycle feedbacks
in a coupled climate model

Peter M. Cox*, Richard A. Betts*, Chris D. Jones*, Steven A. Spall*
& lan J. Totterdell

_wov-vvyavvr W —
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Case Study of the Amazon Dieback

Potential tipping elements in the climate system, overlain on global population density:

Climatic
Change-Induced
10zone Hole?

ot R <t Seatice Lo
Greenland Ice Sheet g T T A
Permafrost and
y c‘ Tundra Loss?
: e

e . Indian
\Sahara) Monsoon|
'Greening Chaotic

Multistability

West African

Dieback . 4
Monsoon Shift

of Amazon
Rainforest

F Changes'in
o - Nater. Formation?
Instablllty of West Antarctic | Antarctic Bottom Water,Formation?
IGe'Sheet

population density [persons per km?]

- T T O S S I A (R B B
nodata 0 5 10 20 100 200 300 400 1000
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Case Study of the Amazon Dieback

Changes in the potential distribution of tropical forests on a warmer planet:

2°C global warming

ex?anslou ogom]mti
E tmgemtlre baﬁ

=120

4°C global warming
Depending on future scenario, the current (AR4) IPCC predictions show a likely range up to 6.4°C to 2099.
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Case Study of the Amazon Dieback
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Case Study of the Amazon Dieback

Naturally, this issue worries a large number of people (not just in the Amazon Basin). The potentially huge species
loss (Miles et al. 2004) would be catastrophic, for example.

(a) \ (b)

0

<0.1
0.1-0.2
0.20.3
0304
0405
0508
0607
0708
0809
0.1

Proportion
of viable
species per
cell

Assessment of the Risk
of Amazon Dieback

DEE00EREEDD

area of uncertainty area of highest projected species loss

Amazon rainforest at risk of ecological catastrophe.
Climate change could kill the Amazon rainforest even if deforestation

and emissions are curbed, scientists at the Met Office fear.
The Daily Telegraph, 12 Mar 2009
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Case Study of the Amazon Dieback

However, uncertainty in the LSMs used to make these predictions is very high.

GHG
EMISSIONS

GHGs: Greenhouse Gases
GCMs: General Circulation Models
LSMs: Land Surface Models

CLIMATE
RESPONSE
(GCMs)

ECOSYSTEM
RESPONSE

(LSMs)

FEEDBACKS
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Case Study of the Amazon Dieback

There is uncertainty in the predictions of future CO, concentrations:

(b) CO» concentrations
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Case Study of the Amazon Dieback

There is uncertainty in the Climate Response to Future GHG Emissions. For example, temperature: GCMs
simulate an increase in mean annual temperature of 3-8°C over Amazonia this century.

Relative Probability

o
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Figure 5. Projected increase in average
temperatures from 1960-1990 to 2070-2100.

Global Warming Predictions
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Case Study of the Amazon Dieback

There is uncertainty in the Climate Response to Future GHG Emissions. For example, rainfall
(Gumpenberger et al. 2010):

. Precipitation
anomalies for the end of the century Anomalies [mm/m]
e 7 ' XA I below -100
B -80 to -100
. | -60 to -80
\a -40 to 80
[]-20t0 40

Figure 1. Precipitation
anomalies (bias-corrected,
mm/months) for
midcentury (2041-2050)
and the end of the 21st
century (2090-2099), in
comparison to the
reference period (1991—
2000), for five different
climate scenarios.

GFDL-CM2.1 NCAR/CCSM3.0 CONS/ECHO-G UKMO-HadCM3 ECHAMS/MPI-OM

* Most GCMs underestimate present-day rainfall over Amazonia

* No consistent trend across GCMs in terms of the direction of change of mean annual rainfall

« Little relationship between a model’s ability to simulate present-day rainfall and the direction of future rainfall
change
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Case Study of the Amazon Dieback

There is large recognised uncertainty in the vegetation responses to future climate (Malhi et al. 2009, PNAS)

Maximum Climatological Water Deficit (mm) ==ianajeciec
3500 x Observed
: 9 —1.HadGEM1
L 2. HadCM3
3000 I —3.NCARPCM1
: 8 —4 NCARCCSM3
5 - —5,MRI CGCM2
‘g’ 2500 L —B.MPI ECHAM 5
5 i —7.MIUB ECHO G
b= L Bon electads Vel —8MIROC 3
a i Seasonal Forest medlfaiee=="10 8 IPSL_CMA
= 2000
8 - ' —10.INMCM3
o [ 11.INGV ECHAM 4
® r —12,6ISS ER
2 1500 [
£ - 13.GFDL_CM 2.1
< Savanna 14.GFDL_CM 20
i 15.CSIROMK3 5
1000 - ~16.CSIROMK3 0
17.CNRM_CM3
500 [ A A i L i A 1 1 A i A 1 i 1 i L i i A L L A A 1 A A i 1 A A A J = 18 CCCMA_CGCMS
—19.BCCR_BC_20
-800 -700 -600 -500 -400 -300 -200 -100 O e
Maximum Climatological Water Deficit (mm) ——Mean selected
Fig. 2. An evaluation of GCM simulations in change of rainfall regime in E.
Amazonia.

(B) The trajectories of changes in GCM rainfall regime when recalculated as
relative changes forced to start from the CRU observed climatology. The tip of the
arrow indicates the late 21st-century rainfall regime. Our suggested savanna
zone is shaded (MCWD < —300 mm, AP < 1500 mm).
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El Niflo and La Nifa effects are not yet well-characterised in GCMs.

WARM EPISODE RELATIONSHIPS DECEMBER - FEBRUARY
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Case Study of the Amazon Dieback
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Case Study of the Amazon Dieback

Which source of uncertainty is the most important? LSMs explain 2/3 of the variance in modelled
changes in Amazonian C stocks (240-member ensemble (20 GCMs, 4 SRES Scenarios, 3 LSMs) in

Galbraith et al. 2010).
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Case Study of the Amazon Dieback

The network of RAINFOR Intensive sites now called GEM (http://gem.tropicalforests.ox.ac.uk/) can help:

not only will the fieldwork reduce uncertainties in the LSMs but we are also measuring increasing amounts
of long-term MET data.

Map data ©2013 MapLink 1000 km L—1
@ -Site @ -Plot  -Field station
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Summary

*Ecosystem simulation models are either niche-based models or mechanistic models, both of which have
distinct advantages and disadvantages.

*You can implement models in various ways, the most usual being either using code (scripts or compiled
code) or graphically through Model Building software. GIS software has interfaces for both approaches.

sLand Surface models are mechanistic models that allow for feedbacks between different components of the
Earth System (land surface, atmosphere, ocean, etc.). Applying them to predict the future of the Amazon has
produced very useful, but mixed results.

*Mathematical models are useful tools for understanding ecosystem processes and predicting the future, but
you have to think carefully about the uncertainties there might be in the model outputs.
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Thank you

Toby Marthews -
University of Oxford ¢ SCHOOL OF GEOGRAPHY
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