Meteorologische Zeitschrift, Voll4, No. 3, 305-314 (June 2005) .
© by Gebrider Borntraeger 2005 Article

The Planet Simulator: Green planet and desert world

KLAUS FRAEDRICH*, HEIKO JANSEN!, EDILBERT KIRK and FRANK LUNKEIT

Meteorologisches Institut der Universitat Hamburg, Gamgn
Ipresent affiliation: Institut filr Meteorologie und Klinségie, Universitat Hannover, Germany

(Manuscript received February 21, 2005; in revised form Mi@y2005; accepted May 20, 2005)

Abstract

An application of the Planet Simulator is presented to esgnthe maximum effect of vegetation on the
Earth’s climate. Four sets of sensitivity experiments adgmed: (1) All vegetation related land surface
parameters are changed simultaneously. (2) Only one effecgetation on climate is considered: albedo,
surface roughness and soil hydrology. To identify the matfrvegetation-climate interaction, linear super-
position and non-linear interaction of these three effactescompared. (3) The first experimental set-up is
repeated but with mixed-layer ocean and thermodynamidcged4) The effect of enhanced greenhouse gas
concentrations on extreme vegetation climates is analyssehting the preceding experimental setup with
twice the CO-2 concentration (compared to set-3).

Zusammenfassung

Der Planet Simulator wird hier benutzt, um den maximalereliffder Vegetation auf das Erdklima zu
abzuschatzen. Es werden vier Gruppen von Sensitiviggésenenten durchgefuhrt: (1) Alle vegetations-
bezogenen Landoberflachenparameter werden simultardgea (2) Nur jeweils einer der Vegetationsef-
fekte Albedo, Rauhigkeit und Bodenhydrologie wird geahdéJm die Art der Vegetation-Klima Wech-
selwirkung zu ermitteln werden die lineare Superpositiod die nichtlinearen Wechselwirkungen der drei
Effekte miteinander verglichen. (3) Die Experimente detem Gruppe werden nach Hinzufugen von Mixed-
Layer-Ocean und thermodynamischem Eismodell wiederf@®ltDie Experimente der Gruppe 3 werden mit
doppelter CO-2 Konzentration wiederholt.

1 Introduction 2 Experimental design

A T21 version of the Planet Simulator with 10 non
The performance of the Planet Simulator@&pricH €qually spaced sigma levels is used. This version needs
et al., 2005) is illustrated by four sets of experimen@P0Ut 15 minutes for one model year on a Linux-PC with
to quantify the relevance of vegetation for the climaf¥0 3.0 GHz Pentium-IV processors. In the model, veg-
system. Two extreme scenarios of vegetation are pleéatlon is represented by four parameters in the land sur-

scribed as fixed boundary conditions: In the green plar{@f® scheme: (i) the surface background albedo effect-
all the continents are covered by forest while, in th89 the surface solar radiation, (ii) the surface roughness

desert world, no vegetation is present. The setup a@en by the roughness length) with direct implication

the motivation follow the study FKL-99 BAEDRICH for the exchange of moisture (latent heat), sensible heat
et al. (1999) and KFH-00 KEIDON et al. (2000) with @nd momentum, and two parameters representing the ef-

the atmospheric GCM ECHAMA4 (see als@BsEet al. fect of vegetation on the soil hydrology: (iii-a) the max-
(2000)). In these studies ocean feedback has not bd8HM water storage of the soil (the bucket si?é)and
considered explicitly, although flux anomalies at sea sifii-P) & parametenws, controlling the fraction of actual
face indicate a potentially significant effect. Therefor@nd potential (maximum) evapotranspiration (i.e. the
the present application includes these aspects by adcfirr‘?&t'on of soil water which is available). This fraction,
an interactive ocean/sea ice module. Furthermore, fhe'S given by
sensitivity to greenhouse forcing is analyzed.

The outline of the paper is as follows: Section 2 de- F =min(1.0,——)
scribes the experimental design and section 3 presents wiWs
the results. We conclude with a summary and outlook.

2.1)

whereW is the actual amount of water in the bucket.
For all three quantities, surface albedo, roughness and
*Corresponding author: Klaus Fraedrich, Meteorologisdhestut, soil hydrology, specific parameter settings define the

Universitat Hamburg, Bundesstr. 55, D-20146 Hamburgn@ery, 9reen planet and desert world scenarios (Table_ 1). Al-
e-mail: Fraedrich@dkrz.de though the land surface module of the Planet Simulator
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Table 1. Definition of the green planet and desert world experithe previously analyzed results of the effect of vegeta-
ments. TR 5 5 tion extremes on the general circulation and, in particu-
and surtace reen  Desert lar on the climate of the Earth with a focus on the water

Eircalfgre;ﬁ;d albedo %inzet v(\)/ozrgd cycle and the energy balance at the surface. A local t-
test has been applied to all figures which shows that the
Roughness length om 0.01m contour lines capture areas with more than 90 or 95 %
(vegetation) significance.
Soil hydrology: Set-1: Total effect and Planet
Fraction parametew; 0.01 0.4 Simulator-ECHAM comparison
Bucket sizeWs 0.5m 0.1m

The difference between the climates of the green planet
and the desert world is dominated by the changes of
is somewhat simpler than the ECHAM scheme, the vdhe hydrological cycle, which is intensified substantially
ues prescribed are as close as possible to the ECHAMhanced evapotranspiration over land reduces the near
specifications used in FKL-99 and KFH-00. surface temperatures; enhanced precipitation leads to a
To determine the effect of vegetation extremes dvarmer mid- and upper troposphere extending from the
the climate, the following sets of simulations are pegubtropics to the mid-latitudes. In the inner tropical tro-
formed using global forest and global desert boundapgsphere, temperature changes are negligible. In addi-
conditions over land. That is, in the green planet afi@n, the regional changes of the surface water and en-
desert world simulation all land points (except glacier€ygy balances, and of the atmospheric circulation indi-

are fixed to one of the extremes. cate potential impact on the ocean and the atmospheric
Set-1: All vegetation related surface parameters agfeenhouse (FKL-99). In general, a good agreement can
changed simultaneously. be found for both the spatial patterns and for the mag-

Set-2: Sensitivity experiments, where only one effedtitudes of these changes. For some parameters and spe-
of vegetation on climate in the model is considered: (&lfic regions, however, differences to the FKL-99 and
albedo, (b) surface roughness, and (c) soil hydrology. KFH-00 results appear, which will be emphasized in fol-

In these two sets the same annual cycle of SST dewing. In particular, differences in the water cycle and
sea ice distributions is prescribed which is in accordanigethe surface energy balance for JJA and DJF need to
to the ECHAM experiment. The results of these sets dpe discussed; in addition, Planet Simulator results are
used to estimate the maximum effect of vegetation @@mpared with the respective ECHAM experiments in
the Planet Simulator in comparison to ECHAM and t§FH-00 (their Figures 2 and 4).
separate the effects of the individual vegetation related Thewater cycle (Figure 1): Evapotranspiration is en-
parameters. The aim of this experimental set is, to arfg@@nced over most parts of the continents with largest
lyze the nature of the vegetation-climate interactiont Isvalues (up to 4 mm/day) in the tropics persisting over
simply a linear superposition of the vegetation attributeéie whole year. For higher latitudes, more evapotran-
(a) albedo, (b) surface roughness, (c) soil hydrology, 8piration is obtained during summer. Only a few re-
do non-linear interactions with the climate system, igons show a decrease in evapotranspiration on the green
water and energy-radiation balance, matter? planet: During JJA the east coast of America, southern

Set-3: Here set-1 is repeated but with a mixed-laydrurope and a region extending from the monsoon areas
ocean and thermodynamic sea ice coupled to the atrebindia/Southeast Asia up to Japan. The latter also per-
sphere, to include potential feedbacks with the oceansists in DJF. While for JJA the results are very similar to

Set-4: The effect of enhanced greenhouse gas cdfFH-00 except that the decrease over southern Europe
centration on the extreme vegetation climates is invedg-less intense, ECHAM shows more decrease of evap-
gated by repeating set-3 but with twice the £&@ncen- oration over the ocean downstream of the continents for
tration (defined by the present day value of 360ppm BSF.
in set-1 to set-3). In the green planet, precipitable water (the vertically

integrated moisture content of the atmosphere) increases
over almost all continental areas with peak values over
3 Results: Green planet versus desert Africa and, for JJA, across the Middle East towards the
world Pacific (up to 16 kg/f). Reductions are observed lo-
cally over the oceans and the Southeast Asia/India mon-
The four sets of numerical experiments with the Plansbon area where the latter is not present in the ECHAM
Simulator are simulated for half a century. Resul@mulation.
are reported in the following. The comparison with Precipitation increases over the continents in the
ECHAM is confined to set-1, while the other sets exteritbpics except for the monsoon regions of southern In-
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Figurel: Differences in the water cycle for set-1: Seasonal diffeesrbetween the green planet and desert world climatesrferAugust
(JJA, left) and December-February (DJF, right). A, B: Evagaspiration (in mm dayt), C, D: Precipitable water (in kg ), and E, F:
Precipitation (in mm day!). Contours aret1, 2, 4, 8, 16 mm day! or kg m~2. Negative contours are dashed.

dia and Southeast Asia, where a decrease can be fosalhr radiation is reduced in regions where total cloud
consistent with the ECHAM results. Over the tropicaiover increases (not shown) and thus overcompensates
oceans the precipitation is slightly weaker on the greéwr the surface albedo effect. Over the oceans significant
planet but substantial shifts of the ITCZ over the troghanges occur only during JJA with decreasing insola-
ical Pacific, as simulated by ECHAM, do not appeation over the North Atlantic/Arctic ocean and along the
In higher latitudes, enhanced precipitation can be foumgstern Pacific. Compared with the ECHAM simulation
over the continents in summer except for central Nortome differences are noted: Changes over the oceans
America and southern Europe where a decrease is vagie in general larger in ECHAM and appear in both sea-
ble during JJA which, in particular for America, is dif-sons emphasizing summer hemispheres. Over the con-
ferent to ECHAM, where the decrease of precipitation i;ents ECHAM simulates negative radiation anomalies
more confined to the east coast of America. for higher latitudes in summer; positive changes are con-
The surface energy balance (Figure 2): On the green fined to the subtropics.

planet net surface solar radiation increases by up to 40For the net thermal radiation at the surface, posi-
W/m? over most of the continents. Only over Africaive anomalies dominate the green-desert world differ-
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Figure 2: Differences in the surface energy cycle for set-1: Seaddiffalences between the green planet and desert world &grfar
June-August (JJA, left) and December-February (DJF, Yight B: Net solar radiation (in W m2), C, D: Net longwave radiation (in W
m‘2), and E, F: Near surface temperature (in K). Contourst&l@, 20, 40, 80 W m2 and+1, 2, 4, 8 K, respectively. Negative contours
are dashed.

ences with values of about 80 W#rover Africa. Neg- changes occur over the ice free oceans. Over land, how-
ative anomalies occur in higher Northern Hemispheewer, a new balance of the total energy flux is attained
latitudes (during DJF) and over central North Americdue to temperature change: A general cooling in the
and southern Europe/Eurasia (during JJA); such negapics (up to 4 K), higher temperatures in the subtrop-
tive anomalies are hardly noticeable in ECHAM. ics during summer and a slight cooling of the Northern
The green-desert world differences in surface latemisphere high latitudes during winter (DJF). While
tent heat flux reflect the modifications due to increasirtge changes in the tropics are consistent with ECHAM,
evapotranspiration; the differences in sensible heat flthe extra tropical changes are not; the strong warming
reveal similar spatial patterns, but they are of opposibé the Northern Hemisphere continents during summer
sign and smaller magnitude (not shown). (JJA) is not present in ECHAM, where most of the areas
The cumulated effect of the surface energy budgeorth of 30N cool.
difference (green-desert world) is realized in the near
surface temperature. Since SST is fixed, no significant
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Figure 3: Differences in precipitation (in mm day) for set-2 (changes of individual surface parameters)s&eal differences between
the green planet and desert world climates for June-Audust, (eft) and December-February (DJF, right). A, B: Chanigealbedo only,
C, D: Changes in hydrological cycle only, E, F: Changes ifiesr roughness only, and G, H: Linear superposition. Costate+1, 2, 4,
8, 16 mm day 1. Negative contours are dashed.
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Figure 4: Differences in near surface temperature (inlfor set-2 (changes of individual surface parameters):s@eal differences
between the green planet and desert world climates for Augest (JJA, left) and December-February (DJF, right). ACBanges in
albedo only, C, D: Changes in hydrological cycle only, E, Ra@ges in surface roughness only, and G,H: Linear sup¢igrasContours
are+1, 2, 4, 8, 16 K. Negative contours are dashed.
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A: Annual mean precipitation B: Annual mean total moisture transport
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Figure5: Annual mean precipitation (A, in dm) and water vapor trams(i®, the sample arrow represents 200 kg'ns 1) of the control

run with mixed layer ocean.
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changes of the surface albedo. But the changes of the
soil hydrology play a minor role except for the subtrop-
ics in the Northern Hemisphere where albedo changes
mostly act to decrease the water cycle leading to less
evapotranspiration, precipitation and precipitable wate
(for precipitation, see Figure 3). Changes in soil hydrol-
ogy counteract the albedo effect in these regions. During
winter (DJF) the effect of albedo and soil hydrology are
of comparable size in the tropics and act in the same
direction, that is, they enhance the water cycle. Out-
‘ : ‘ ‘ ‘ side the tropics albedo related changes prevail in the re-
180 120W 60W 0 60E 120E 180 Sponse

Figure 6: Annual mean net surface heat flux differences (in W For the energy cycle, the green-desert world changes
m~?) between the green planet and desert world climates in segfe dominated by the albedo modifications. The effect of
(without interactive ocean). Contours atd 0, 20, 40, 80 W m2.  gqil hydrology is of regional importance. Besides an en-
Negative contours are dashed. hancement of net solar radiation due to the lower albedo
of the green planet, changes of cloud cover influence the
energy budget. The net effect can be measured by the
near surface temperature changes (Figure 4): In the trop-
and subtropics these changes are, to a large extent,
ieved by a linear superposition of the albedo, soil
ydrology, and surface roughness effect, with slightly
égher magnitudes than the total non-linear set-1. At

of the parameters is modified while the others are setq@hher Iar;utudes, in pgrtlcullcalr of the Northe_:ln Hemi- ¢
normal (present day) conditions. It appears that, witiyN€re, NOWEVer, a view of finear SUperposition 1S no

some exceptions, the differences between green pl téf{icient. While the Iinegr super_position over northern
and desert world result from a linear superposition of th ropean summer (JJA) is negative, the reference exper-

individual parameter changes. Depending on the regithe"t (set-1) Sh(.)\.NS positive_anomalies.
P g P g g For DJF, positive anomalies extend mostly through-

and the season, however, counteracting effects may oc- R ) s .
Eurasia in the linear superposition case, while nega-

cur. Albedo related changes dominate these respongég. i £ dth " t of Asi
Regionally, however, they can be enhanced, diminish@ée anomalles over Europe and the northern part ot Asia
aracterize the reference experiment. In contrast, neg-

or, sometimes, overcompensated by the effect of soil hy- . . o
drology. Surface roughness has the smallest impact. tive anpmahes resqlt f_rom the linear superpc_)smon for

For the water cycle (evapotranspiration, precipitatiotttw1e ArCtI'C oie_an while |?hthet:1ef%rencet eng'.m?rT.t the
and precipitable water content) this linear superpositi _eeng?rr:e Ilg v(\j/armedr {?llnh de Ieser W?r.b Itn tlir:e-
is a good approximation for the effect of the combinegON- BOth, albedo and soil hydrology contribute 1o the

modifications. A closer inspection shows that durinI ear superposition effgct. C_hangeg of gurface roggh-
summer (JJA) the linear response is dominated by tHgSS only matter for high latitudes in winter, leading

Set-2: Senditivity studies

To investigate the contribution and the relative impoFgs
tance of the individual vegetation parameters, these
albedo, soil hydrology, and surface roughness, ad
tional systematic simulations are conducted. Only o
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B: Near Surface Temperature with Ocean (DJF)
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Figure 7: Differences in near surface temperature (inliKfor set-3 (with interactive ocean): Seasonal differerietsveen the green
planet and desert world climates: June-August (JJA, lei) Becember-February (DJF, right). Contours &fe 2, 4, 8, 16 K. Negative
contours are dashed.

mostly to cold anomalies in the Arctic (DJF) and warmlations (set-3) is performed using the same design as in
anomalies in the Antarctic (JJA). For JJA the soil hydrotet-1, but with an oceanic mixed-layer/thermodynamic
ogy modifications result in colder temperatures in theea ice model coupled to the atmosphere. In this simu-
green world in the Northern Hemisphere mid-latituddation SST and sea ice are allowed to vary whereas the
and the Southern Hemisphere tropics while the albedonual cycle of the oceanic heat transport is prescribed.
differences lead to a strong warming in the subtropi€omputed from a Planet Simulator present-day control
and mid-latitudes, with strongest response in the susimulation this transport is the same for the green planet
mer hemisphere, and colder temperature in the Northermd the desert world.

Hemisphere tropics, the latter being caused by enhancedn principle, the interactive ocean enhances the effect
cloud cover. During DJF the anomaly pattern induceaf vegetation. Figure 7 shows the near surface temper-
by the albedo changes persists with reduced magnitudture difference between the green planet and the desert
The effect of the soil hydrology is a cooling in the Northworld of set-3 (JJA and DJF). On the green planet, the
ern Hemisphere tropics and in the Arctic together with@ean shows globally warmer temperatures than in the

warming of the mid-latitudes. desert world with a difference of about 2-4 K over the
_ oceans reaching 16 K in high latitude winters. The latter
Set-3: Impact of the ocean is related to a retreat of sea ice cover on the green planet.

Although the effect of vegetation on the surface climaféver land, the green-desert difference patterns are sim-
(discussed above) is most distinct over land, it turns d{f" to set-1, but positive anomalies show a substantial
that also the ocean surface is significantly influenceficréase of magnitude (up to a factor of 2) and negative

In particular the energy balance at the ocean surfacéomalies diminish.
madified, which implies a potential feedba}ck betwee§et_4: Sensitivity to greenhouse gas forcing
land vegetation and ocean. Before analyzing the green
planet and desert world differences in heat flux and teffhe possible effect of enhanced greenhouse gas concen-
perature, we show annual mean precipitation and atniation on the earth’s climate is one of the most discussed
spheric water vapor transport for the control run (Figiumerical experiments. Therefore, and following the fo-
ure 5), which represents a satisfactory geographical dists of this investigation, the sensitivity of the extreme
tribution AMES (1995) with an underestimation of thevegetation climates to greenhouse gas forcing is studied
magnitude in the tropics not uncommon for low resolun the experimental set-4. That is, the experimental set-3
tion spectral GCMs. is repeated but with twice the atmospheric {0ncen-
Figure 6 displays the difference in total annual sutration (i.e. 720 ppm instead of 360 ppm used in set-
face heat flux between green planet and desert woBHd The experiments start from the equilibrium climates
runs of the experimental set-1 and set-2 (climatologicaf set-3. In addition, the same G@cenario is carried
SST). Large differences can be found over the oceam#t for a present day vegetation. For this present day
with positive anomalies up to 80 W/AnThe anomalies vegetation setup, the model response to, @dubling
add up to a global oceanic gain of about 7.8 Wfar lies within the range of atmosphere-mixed-layer models
the green planet compared to the desert world. Ho{see, for example, BuGHTON et al., 1990). The annu-
ever, since SST and sea ice is fixed in set- 1 and seally averaged global sensitivity of the model is 4.9 K.
the ocean cannot react. To investigate the oceanic Téie horizontal distribution of the near surface temper-
sponse and potential feedbacks an additional set of simdre changes for the present day vegetation setup is
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Figure 8: Differences in near surface temperature (in K) for set-4 {Génsitivity): Seasonal differences between two times @

present day C@climates for June-August (JJA, left) and December-Felr@@dF, right). A, B: Present day vegetation, C, D: Green
planet, and E, F: Desert World. Contours &g, 2, 4, 8, 16 K. Negative contours are dashed.

shown in Figure 8A,B for DJF and JJA. The largest reespective winter seasons (Figure 8). The opposite holds

sponse is obtained over sea ice and high latitude lafod the desert world, where the undisturbed simulation

surfaces during the respective winter season. Maximwmows more sea ice, which leads to less warming. (iii)

magnitudes of the warming are about 16 K over sea i€ver land, the differences between the three cases are

and 6-8 K over land surfaces. small with a tendency that both, the green planet and the
The sensitivity of both, green planet and desedesert world, show less warming in tropics and stronger

world, climates to greenhouse gas forcing is basicallyarming in higher latitudes compared with the present

similar to the control climate with present day vegetalay vegetation set up.

tion. However, some differences are noteworthy: (i)

The annually averaged global sensitivity is about 1 K Summary and outlook

smaller for both, the green planet (3.7 K) and for the

desert world (3.5 K). (ii) Related to reduced sea ice i first application of the Planet Simulator describes the

the undisturbed simulation, the warming over the sea igfect of vegetation extremes on the general circulation

covered regions is larger on the green planet during thRd, in particular the climate of the Earth with a focus
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on the water cycle and the energy balance at the sGresellschaft) in a BMBF-project financing part of this
face. Investigations of these extreme vegetation statwleavour. Two referees and the editor helped improv-
have been missing in most vegetation-related GCM drg the manuscript and its fast processing. The authors
periments, although they are prerequisite for an anabre grateful to the technical editor Mariort SNEE for
sis of the forces or feedbacks, which drive the climatéer help and constructive collaboration.
vegetation system towards its equilibria.
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