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PIK

Potsdam-Institut flr Klimafolgenforschung
Potsdam Institute for Climate Impact Research

+ about 270 employees

« four research domains: Earth system
analysis, climate impacts and
vulnerabilities, sustainable solutions,
transdisciplinary concepts and
methods

« investigates scientific and social
questions regarding global change,
climate impact and sustainability

» methods: system and scenario
analysis, quantitative and qualitative
modeling, computer simulations and
data integration




Climate Impacts

Potsdam Institute for Climate Impact Research
impacts: consequences of climate change, such as
» change in harvest yields (for better or worse)

* health issues

increased/decreased floods and droughts

* coastal protection due to sea level rise

death of coral reefs due to ocean acidification

etc.



Risks and Impacts of Anthropogenic Climate Change

Risks and Impacts of Global Warming
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Regional Climate Modeling

* one of the most important tools for climate impact
research: climate models

* scale of impact research rather small (a few kilometers),
since that is the size of fields, river basins, forest stands
and so on

+ cannot be modeled globally (yet) due to CPU constraints
(RCM) which models only part of
the globe

» most important variables for impact research: temperature
and precipitation (will concentrate on these in this lecture)



Regional Climate Modeling

1. assumption of some future development/
emission scenario

2. simulation of global atmosphere with a global model

3. simulation of region of interest with more highly resolved
regional model (“downscaling”)



IPCC

Intergovernmental Panel on Climate Change (IPCC)

founded in November 1988 by the United Nations
Environment Programme (UNEP) and the World
Meteorological Organization (WMO)

* assesses risks of global temperature increase

gathers mitigation/adaptation strategies

e no own research but

Nobel Peace Prize 2007 (together with Al Gore)



IPCC Assessment Reports

* publishes Assessment Reports: FAR (1990), SAR (1995),
TAR (2001), AR4 (2007), AR5 (2013), AR6 (2021)

* three working groups of AR5

WG |  “The Physical Science Basis”

(259 authors, 39 countries, 54 677 comments)

WG Il “Impacts, Adaptation and Vulnerability”

(309 authors, 70 countries, 50 444 comments)

WG Il “Mitigation of Climate Change”

(285 authors, 57 countries, 38 315 comments)

« many climate simulations were carried out for WG |
(CMIP5 with 42 global models)
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What is Climate?

IPCC

Climate in a narrow sense is usually defined as the “average
weather”, or more rigorously, as the statistical description in
terms of the mean and variability of relevant quantities over a
period of time ranging from months to thousands or millions of
years. The classical period is 30 years, as defined by the World
Meteorological Organization (WMO). These quantities are most
often surface variables such as temperature, precipitation, and
wind. Climate in a wider sense is the state, including a
statistical description, of the climate system.



What is Climate?

This means statistical properties of the meteorological variables
are investigated

°* mean
e variance

+ extreme events (floods, droughts, heat waves, storm
surges)

when doing a climate simulation, the question is not
but

“What are the statistical properties of the temperature in Tokyo
in the years 2071 to 2100 under a certain emission scenario?”



Climate System
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Energy budget / Radiation

coming solar reflected thermal outgoing
TOA

atmospheric
window P

solar absorbed latent heat k2 , greenhouse
atmosphere
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TOA — top of the atmosphere source: IPCC AR5 (2013)
global mean energy budget under present-day climate
conditions



Greenhouse Effect

Solar radiation powers
the climate system.

Some solar radiation
is reflected by
the Earth and the
atmosphere.

gé About half the solar radiation

is absorbed by the
Earth’s surface and warms it. Infrared radiation is
emitted from the Earth’s
surface.

source: IPCC AR4 2007

average temperature without atmosphere but same albedo: -18 °C,
with atmosphere 14°C



CO, Emissions into the Atmosphere
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€O, emissions (PgC yr-')
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increased anthropogenic
CO, emissions start in the
2nd half of 19th century
(industrial age)

still accelerating

2002-2011 +3.2%/a
1990s +1%/a

largely due use to fossil
fuels (coal, oil, gas) and
cement production

emitted CO,

and



CO, Concentration in the Atmosphere

measured at Mauna Loa, Hawaii
also known as “Keeling curve” after Charles David Keeling
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CO»,, Methane, Nitrous Oxides
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* CO5 not the only important green
house gas

* methane and nitrous oxides
important as well

¢ methane increased by a factor of 2.5
compared to preindustrial, largely due
to increased number of ruminants,
fossil fuel emissions and expansion of
rice paddy agriculture

* nitrous oxides increased by a factor of
1.2 compared to preindustrial, largely
due to changes in the nitrogen cycle



Radiative Forcing

Anthropogenic
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Radiative forcing of climate between 1750 and 2011
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almost half of the additional radiative forcing is due to the last
35/40 years



Climate Change — Global Surface Temperatures

Observed globally averaged combined land and ocean
surface temperature anomaly 1850-2012
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source: IPCC AR5 (2013)
fop: annual average global surface temperature anomalies (three data sets)
bottom: decadal (1850-1859, ... , 2000—-2009) global means with
uncertatinty for black data set



Climate Change — Precipitation on Land

Observed change in annual precipitation over land
1901- 2010 1951- 2010
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source: IPCC AR5 (2013)



Climate Change — further observations

Sea level
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Observations

* observations are made at weather stations, density of
weather stations quite low, especially in remote areas and
underdeveloped regions

+ data is quite often spurious and has gaps

* currently the number of stations is decreasing world wide
(exception China)

» observations are made at weather stations, but often
required on grids — interpolation

 depending on the algorithm, interpolation can change
averages, minima, maxima ...



Observations

Hellmann Rain Gauge

source:
http://de.wikipedia.org/wiki/Nieder-

schlagsmesser

precipitation measurements furthermore
skewed by “undercatch”

due to wind, wetting of gauges,
evaporation etc.

depending on the correction scheme,
measurements are off by 10 % or more

effect most severe for snow

all satellite precipitation products are
calibrated with station data

“observations” are usually highly
processed data
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Emission scenarios

Regional Climate Modeling

1. assumption of some future development/
emission scenario



IPCC SRES Emission Scenarios in TAR and AR4

in the (SRES) the
IPCC developed several scenarios

A (economic focus) B (environmental focus)
1 (globalized development) 2 (regionalized development)

Al:
* rapid economic growth

+ global population reaches 9 billion in 2050 and then
gradually declines

 quick spread of new and efficient technologies

+ convergent world-income and way of life converge between
regions



IPCC SRES Emission Scenarios in TAR and AR4
(cont.)

A1 (cont):
* A1 subscenarios

+ ATFI (fossil intensive)
* A1B (balanced)
* A1T (technology driven)

A2:
+ world of independently operating, self-reliant nations
* continuously increasing population

* regionally oriented economic development



IPCC SRES Emission Scenarios in TAR and AR4
(cont.)

B1:

* rapid economic growth as in A1 but with rapid changes
towards a service and information economy

* population rising to 9 billion in 2050 and then declining as
in A1

* reductions in material intensity and the introduction of
clean and resource efficient technologies

* emphasis on global solutions to economic, social and
environmental stability



IPCC SRES Emission Scenarios in TAR and AR4
(cont.)

B2:

* continuously increasing population but at a slower rate
than in A2

» emphasis on local rather than global solutions
* intermediate levels of economic development
* less rapid and more fragmented technological change than

in A1 and B1

Simulations based on the A1B scenario still pervasive in the
literature.



Representative Concentration Pathways (AR5)

new and improved scenarios were deemed necessary b/c of
increased demands by users, modelers and impact researchers
(more consistent, higher spatial and temporal resolutions, longer
time frames)

in 2006 the IPCC decided not to commission another set of
emission scenarios, left scenario development to research
community

unlike SRES, are to represent “the full of stabilization, mitigation,
and reference emissions scenario available in the current
scientific literature”

well separated, even number (otherwise middle one is always
picked)

“representative” — each RCP provides only one of many possible
scenarios leading to a specific radiative forcing

in scenario name: between
2100 and pre-industrial



SRES (TAR, AR4) and RCP (AR5) Radiative Forcing
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Extended Concentration Pathways (ECP)
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in order to investigate even longer term questions, “Extended
Concentration Pathways” (ECP) were introduced
mainly linear extensions
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Earth System Models (ESM)

Regional Climate Modeling

2. simulation of global atmosphere with a global model



Aqua Planet

source: von Storch et al. (1999)

‘Aqua Planet” — simulation of
climate on an Earth-like planet
covered completely by water

initial conditions: atmosphere at
rest

at about day 10: trade winds and
tropical cells appear suddenly

at about day 20: Ferrel cells
appear

after two months: large scale
patterns similar to the ones
actually observed on Earth have
emerged

Fischer et al. (1991)



Global Climate Modeling

Global climate is not made up of regional climates.
Instead, regional climate should be understood as the result of
an interplay of global climate and regional physiographic detail.

Implications:
* Planetary scale climate can be modeled with dynamical
models with limited spatial resolution
» The success on planetary scales does not imply success
on regional or local scales.

* The effect of smaller scales can be described summarily
through parameterizations- based on: von Storch, Lund 2014



General Circulation Models

Physical Processes in a Model
101
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source: http://en.wikipedia.org/wiki/General_Circulation_Model

“General Circulation
Model” (GCM)
simulates atmosphere

for long term
simulations usually an
ocean model is
coupled

then the model is run
with selected emission
scenario



From GCM to ESM
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ESM Resolution

source: IPCC AR4 (2007) source: IPCC AR5 (2013)

left: ESM resolutions FAR to AR4 top right: current ESM resolution
bottom right: current experimental ESM resolution



Performance of ESM: Annual Mean 2 m Temperature

(a) Multi Model Mean Surface Temperature (b) Multi Model Mean Bias

30 24 -18 42 6 0 6 12 18 24 30 5 4 3 2 4 0 1 2 3 4 5

CMIP5 multi-model mean; time frame: 1980-2005; observation in (b) and (c): ERA-interim; (d) mean of absolute
pairwise differences between ERA40 and JRA-25 reanalyses source: AR5 (2013)



Performance of ESM: Annual Mean Precipitation

(a) Multi Model Mean Precipitation (b) Multi Model Mean Bias

(mm day") (mm day”)
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CMIP5 multi-model mean; time frame: 1980-2005; observation in (b), (c) and (d): GPCP source: AR5 (2013)



Performance of ESM: centered pattern correlations
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time frame: 1980—1999; TAS: surface air temperature, RLUT: TOA outgoing longwave radiation, PR: precipitation,
SW CRE: TOA shortwave cloud radiative effect; OBS: correlations between default and alternate observations
source: IPCC AR5 (2013)



Performance of ESM in AR5/CMIP5

« large scale mean surface temperature patterns reproduced (pattern
correlation 0.99), however systematic errors of several degrees in some
regions

» models reproduce mean surface temperature increase in 2nd half of
20th century, including cooling after volcanic eruptions, fail to reproduce
decreased warming of last 10 to 15 years (arguable)

 reproduction of large scale precipitation patterns has improved, but still
lacking compared to temperature

+ simulation of clouds remains challenging

+ general characteristics of storm tracks and extra-tropical cyclones are
captured



ESM Long Term Projection Mean Annual Surface
Temperature and Precipitation

RCP 2.6 RCP 8.5
(a) Change in average surface temperature (19862005 to 2081-2100)
32
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(b) Change in average precipitation (1986-2005 to 2081-2100)

CMIP5 multi model mean; stippling: significant change (Ax>20) and 90 % of models agree on sign; hatching: small
Ax compared to internal variability (Ax < o); upper right number: n models source: IPCC AR5 (2013)



ESM Long Term Projection Arctic Sea Ice and Ocean
Acidification

(c) Northern Hemisphere September sea ice extent (average 2081-2100)
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n models (n) models in subset source: IPCC AR5 (2013)



ESM Long Term Projection Mean Surface

Temperature
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Regional Climate Modeling

Regional Climate Modeling

3. simulation of region of interest with more highly resolved
regional model (“downscaling”)



Scales and atmospheric processes (Orlanski 1975)

> 10000 km general circulations in the atmosphere macroscale o
(weeks to month)

10000 —2000km  baroclinic waves (weeks to month) macroscale

2000 — 200 km weather front and cyclones (days) mesoscale o

200 — 20 km orographic effects, land sea wind, urban mesoscale 8
effects (days)

20 — 2km thunderstorms, urban effects (hours) mesoscale y

2km —-200m convection, tornado (minutes to hours) microscale o

200 -20m thermals microscale

<20m small scale turbulence (< seconds to min- microscale y
utes)

meteorologic phenomena occur at characteristic spatial / temporal
scales

small/fast phenomena not resolved by too coarse resolutions/time
steps



Regional Modeling
+ global ESM capture only large scale drivers on planetary scale

+ RCM resolves small/fast meteorologic phenomena through high
resolutions/small time steps

+ enable qualitatively improved modeling by dropping parametrizations
(e.g. cloud resolving simulations instead of convection schemes)

 capture small-scale regional and local drivers (e.g. orography,
difference land-sea)

IPCC TAR: regional scale covers an area between 10* km? and 107 km? (square with side length of 100 km to
3160km)



Goals of Regional Climate Modeling

 capture regional and local drivers

* description of structures below 100 km and on time scales
of one day or less

* translation of results of global models to highly resolved
regional scale (“downscaling”)

* bridge gap between scales of global ESM and climate
impact research (e.g. fields, river basins, forest stands)

» reduction in CPU time compared to ESM simulations with
the same resolution



Methodology

« there are two main types of RCM

| dynamical model (CCLM)

Il statistical model (STARS)

» dynamical RCM are physics based

» statistical RCM resample previous observations
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Dynamical Regional Modeling

* idea: solve physical equations (differential equations,
balance equations etc.), similar to ESM, on some region of
the Earth

* requires
« initial conditions,
« time-dependent meteorological |ateral boundary conditions
(temperature, wind, humidity etc.)

derived from ESM or observations/reanalysis data

+ technology largely an offspring of numerical weather
prediction



Dynamical Regional Modeling

* high resolutions (1 km ... 50 km)
* simulations up to several decades possible

* typically one-way nesting: no feedback of regional model to
driving global model

+ atmospheric models can be coupled with other models
(RCM - regional ESM [RESM]), such as

* soil

* hydrology

* ocean

* seaice

» chemistry and aerosol
* biosphere

 urban models



CCLM

CCLM = COSMO-CLM, COSMO-Model in CLimate Mode
homepage: http://www.clm-community.eu/

COSMO: nonhydrostatic numerical weather prediction
model originally by the German Weather Service (DWD)

used and developed by national weather services that are
members in the COnsortium for Small scale MOdeling
(COSMO) (e.g. in Brazil INMET, DHN)

CCLM is applied to time scales of decades to centuries

resolution between 1 km and 50 km, applied to various
regions in the world



CCLM History

- « first version of CCLM developed by PIK,
E’Dj 1999 HZG and BTU Cottbus on the basis of
2002 “Lokalmodell” (predecessor of COSMO),
developed by DWD
2004 + since 2005 community model of the

LM 219
=LM31
LM3.x

German climate research
2006

= + 2007: unified model version for
2007 operational weather prediction and

; rx limate modelin
ez e climate modeling
v » current recommended version is

2014 COSMO _5.0_clm9

 approx. 400000 ... 500000 lines of
source: www.clm-community.eu Fortran 90 Code




CLM Community

CLM-Community WORLD CLM-Community EUROPE

Brazil: 1 Austria: 3

Mexico: 1 Germany: 21

Nigeria: 1 Greece: 2
Russia: 1 Ireland: 1
Saudi Arabia: 1 Italy: 2

Senegal: 2 Luxembourg: 1

Tanzania: 1 Switzerland: 3
USA: 3 Turkey: 1
Venezuela: 1 UK: 2

Vietnam: 1 Ukraine: 1

source: www.clm-community.eu

at the moment, about 60 institutions from Africa, Asia, Europe,
North and South America member in CCLM consortium



CCLM as an RESM
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source: www.clm-community.eu



Basic Equations of CCLM Atmosphere

I. Equations of Motion:

dv 1 1

v wind velocity, t time, g gravitational acceleration, Q angular velocity of the earth, p air density, p air pressure,
t stress tensor

[I. Continuity Equation:
do

dt+pV v=0

t time, p air density, p air pressure, v wind velocity

I1l. Air Constituents:
dg*
P4t

p air density, g mass fraction of x, t time, x constituent: d - dry air, v - water vapor, | - liquid water, f - ice, J diffusion
flux of x, I source/sinks of x

IV. First Law of Thermodynamics (Conservation of Energy):

=-V.J+

p dt =-pV-v-V-(Je+R)+€
p air density, e specific internal energy, t time, p air pressure, v wind velocity, Je heat flux, R flux density of
solar/heat radiation, € dissipation of kinetic energy due to viscosity



Coordinate system: horizontal

* rotated geographic

coordinate system
(latitude, longitude)

* new equator in the

simulated region — grid
cells approximately
equally sized

* simplifies numerics

* again, user defined grid

spacing (approx. 1 km
... 50 km)



Coordinate system: vertical

* terrain following height
coordinates with user
defined grid spacing

+ simplifies formulation of
equations near the surface

Pressure (hPa)

* height levels become flat at
a certain height (approx.
12km)

* typical maximum height:
approx. 22km

LM (35 layers)
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CCLM — Prognostic variables

directly calculated from differential equations:
* horizontal and vertical wind
* temperature
* pressure
* specific humidity
+ specific cloud water content

optional:
* specific cloud ice content
* turbulent kinetic energy
* gpecific rain, snow and graupel water content



CCLM — Diagnostic variables (examples)

calculated from prognostic variables e.g.

* air density
« cloud cover

heat fluxes

moist fluxes
* 2m temperature
* 10 m wind



CCLM Setup

source: www.clm-community.eu



Preprocessing

Inillll

v D »»m»

source: www.clm-community.eu



CCLM Validation South America

simulation area: South America (CORDEX)
coordinate system: rotated north pole: A=56.06°W, ¢=70.6°N

horizontal resolution: 0.44°x 0.44° (about 50 km x 50 km),
166 x 187 grid points

vertical resolution: 40 layers
simulation period: 1/1/1979 -12/31/2009

initial and boundary conditions: ECMWF Reanalysis
ERA-Interim, every 6 hours

model version: CCLM 4.25 cIm3 (setup by S. Lange)

S. Lange et al., “Regional climate model sensitivities to parametrizations of convection and non-precipitating
subgrid-scale clouds over South America,” Climate Dynamics (2014), DOI: 10.1007/s00382-014-2199-0.



Validation: Annual Average 2 m Temperature
1985-2009

~

CCLM 4.25 cIm3 (sim) [°C] CRU TS 3.21 (obs) [°C]
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Validation: Annual Average 2 m Temperature
1985-2009

(sim — obs) [°C]



Validation: Annual Average Precipitation 1998-2009
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Validation: Annual Average Precipitation 1998—-2009
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Outline

The Statistical Model STARS



Statistical Models

* idea: reassemble previous meteorological observations
according to a prescribed trend of a meteorological
variable on the regional scale

* trend is obtained from an ESM (or otherwise)

* typically the into areas of similar
climates, are chosen

» model used at PIK: Statistical Resampling Scheme
(STARS), originally developed in-house, but currently being
retired



STARS: First Approximation

T T
1980 1985 1990 1995 2000

A temperature series close to the trend given is generated (all
observed variables are reshuffled). The observation period in
this example is 19811990, the simulation period is 1991-2000.



STARS: Second Approximation
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The first approximation is now shifted such that it matches the
trend given exactly. The result is shown in blue.



STARS: Second Approximation
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8

left: classes of twelve-day blocks for the shifted temperature
series and the first approximation

right: classification of the twelve-day blocks with a cluster
analysis. The dashed lines show the classes assigned to the
shifted and unshifted blocks

the block length depends on the area investigated



STARS: Second Approximation
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STARS Validation South Africa

+ climate simulation for Orange-Senqu River Commission,
largest and most important river in South Africa

e used

* 0.5° x 0.5° resolution
» temperature and precipitation on land
* time span 1951-2000

« validation of STARS: resampled 1976-2000 from
1951-1975

* observed temperature trend 0.2°C ... 1.4°C

J. Lutz et al., “Climate Projections for Southern Africa with Complementary Methods,” International Journal
of Climate Change Strategies and Management, Vol 5, No 2, pp. 130-151 (2013), ISSN 1756-8692.



STARS Validation Setup
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A representative grid point

Orange River basin 1
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clustering analysis reduces the number of grid points for the
calculation (five representative stations)
gray outline: Orange-Senqu basin



STARS Validation Annual 2 m Temperature

30

0

left: WATCH (obs)

right: STARS—WATCH

STARS reproduces the 2 m temperature extremely well, not
surprising, though, since the realizations are constructed that

way.



STARS Validation Annual Precipitation
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1000

left: obs (WATCH) right: STARS—WATCH

STARS reproduces precipitation really well, large relative
deviations only, where precipitation is low in the first place.



Dynamical Models vs. Statistical Models

« typically, statistical models yield better results (for the validation period)

« statistical models can achieve high spatial resolutions (when input
station density is high)

 basic assumption by statistical models: no qualitative change of climate,
i.e. unlike with dynamical models no qualitatively new climate is
possible

« statistical models cannot generate new extremes

* both statistical models and dynamical models produce physically
consistent configurations (unlike e.g. weather generators)

« statistical models only need a simple assumption as input while
dynamical models require complex input (driven at the boundary)

« statistical models require extremely low computing power compared to
dynamical models

« statistical models can provide a wide range of realizations (ensembles)



Dynamical Models vs. Statistical Models

» dynamical models are physics based

« allow for the investigation of causal connections
« study of qualitative / quantitative properties of nonlinear processes

» dynamical models provide no feedback of regional climate to global
climate (ESM) (no energy / momentum conservation)

» dynamical models cover an area entirely (although statistical models
these days oftentimes use gridded data as input)

» dynamical models provide a large number of 2- and 3-dimensional
atmospheric (soil, ocean) variables across the whole simulation area
(with statistical models only locations with measurement stations /input
data are accessible)

» dynamical models provide potential to incorporate various submodels
(RESM)

« investigation of a hypothetical world (“terraforming”) possible with
dynamical models



Outline

Summary



Summary

« climate and climate change are to a large part determined
by green house gases in the atmosphere

* climate change has severe impacts in some regions and
sectors

« at PIK, mainly regional climate modeling is done:

1. a scenario chosen

2. the global climate is modeled with an earth system model
(ESM)

3. downscaling with a regional climate model (RCM), either
dynamical (CCLM) or previously statistical (STARS)
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