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Abstract

The Planet Simulator (PlaSim) is a general circulation rhodets way to a user friendly tool for
climate research. Its analysis is based on a 50 year conimalith prescribed sea surface temper-
ature climatology taken from AMIP (Atmospheric Model Intemparison Project). The control run
is confined to the atmospheric part without interaction whi& subcomponents, and the diagnostics
is compared with reanalysis data ERA-4Qu{&pean @nter for_Medium Range Wather Brecast
reanalysis). Results highlight similarities with and de\ans from observations: Global energetics
and spatial distributions of the first and second momentd®ftimate variables appear to be well
represented. Main differences occur in the polar regiomsghvshow a cold bias and, subsequently,
stationary wave patterns reveal too strong zonality. Theoapheric module of the next PlaSim ver-
sion includes (i) a new surface presentation (with sea meg surface etc), (ii) re-evaporation of
precipitation, (iii) gravity wave drag, and (iv) the diutrgycle. Planet Simulator Climate supple-
ments the Manual and the Users’ Guide and is available frohp: / / www. mi . uni - hanbur g. de/
Downl oads- and- r el at ed- papers. 245.0. htm .
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1 Planet Simulator: Control run climatology

The climate of the PlaSim control run (50 years) is analysedithe results are compared with ob-
servations (ERA reanalysis and other data). The climajolegresented in terms of global means,
meridional-height cross-sections and two-dimensionalenpolar or global maps (with meridional
profiles of zonal means) of key atmospheric variables. BssBD year annual means, the main sea-
sons of winter (DJF) and summer (JJA) are also presenteddimg) intraseasonal variability.

1.1 Planet Simulator (PlaSim)

The Planet Simulator (PlaSim) is a&@eral Grculation Model (GCM), whose dynamical core for the
atmosphere is adopted from PUMAd(i®able Lhiversity Model of the Amosphere). The model is
based on the moist primitive equations conserving momentoass, energy and moisture. Besides
the atmospheric part, other climate subsystems are ingluatd highly reduced dynamics: a land
surface with biosphere and a mixed layer-ocean with sedaceétails see PlaSim Reference Manual
?, for an overview se€). A control run for a period of 50 years is performed with Rla®ased
on T21 resolution with ten vertical, non-equidistant leval o-coordinates @ = p/ps). A fixed
composition of the atmosphere is used, the annual cyclelsded but not the diurnal. The default
parameters used (see appendix) are the following: a yehr38k days (and 366 for leap years), the
solar constant of 1368/m~2, CO,-content of 348 ppmv and the time step (MPSTEP) = 45 minutes.
To make PlaSim comparable to AMIP fjAospheric Mvdel Intercomparison i®ject), the sea surface
temperatures of the AMIP ll-period (1979 to 1996) are useg@rtivide the climatological annual
cycle. In addition, the distribution of sea ice and all othgibsystems are prescribed by climatological
means; they are not used interactively.

1.2 ERA-40 reanalysis

The PlaSim simulation is compared with the ERA-40 Europeant€& for Medium-Range Weather
Forecasts (ECMWEF) reanalysis data. This data set span®tfeE @957 to 2002 (a comprehensive
description can be found iy ? and?), is available fromht t p: / / dat a. ecwf . i nt/ dat a/ d/ era40_
moda/ and is widely used for model validation and research. Inrestbtto PlaSim, the horizontal
resolution of ERA-40 (called ERA hereinafter) is 14473 grid boxes (PlaSim: 64 32), which
requires interpolation to make the data comparable. Mgmtidans are derived from daily means of
a six hourly data set.

1.3 Presentation

The PlaSim seasonal and annual mean climate are preserfiest bpd second moments of variables
characterising radiative, thermal, dynamic and moistooegsses. This includes state variables, eddy
fluxes and other derived quantities (wavenumber-frequepegtra etc.) of atmospheric dynamics.



The climate is presented by the following set of display3$:Qliobal and annual mean energetics:
Here we present the thermal forcing in terms of solar anésénial radiative, latent and sensible heat
fluxes, the water cycle, and the Lorenz energy cycle.

(i) Meridional-height cross-sections provide zonallyeeaged fields of the primary and secondary
circulation with temperature, zonal wind and mass streagtfan. This is supplemented by zonally
averaged eddy heat and momentum fluxes and, as a combiratithmxes of transient and stationary
wave activity (Eliassen-Palm flux), and the Eulerian mean.flo

(iii) Fields are presented for the surface (radiation, misaperature, sensible and latent heat fluxes,
precipitation) and, for radiative fluxes, also at the topghefatmosphere; lower and upper tropospheric
fields show the dynamical variables. Almost all fields inéunderidional profiles (right panels) of the
respective zonal averages. Information on mid-latituct taopical cyclones supplement the analy-
sis: mid-latitude cyclone density is obtained from cycldreek detection and the seasonal tropical
cyclogenesis parameter is adopted.

(iv) Global surface climates are classified base® @amd the Budyko-Lettau index of dryne&$¥Y.



2 Global energetics

2.1 Energy budget

The global balance of energy fluxes (Fig. 2.1 a) consists ®fféHowing components: solar and
terrestrial radiation at top and bottom of the atmosphectlatent and sensible heat. PlaSim shows
good agreement with the observatiof: (The incoming solar radiation for PlaSim is 3%d/n?
(compared to 34%V/n?); the absorbed and reflected fluxes in the atmosphere yiedth@Z AW /n?

(67 and 7W/n?) and at the surface 31 and 1W2/n? (30 and 168V /n¥). PlaSim underestimates
sensible heat flux with 2@V /n? (24 W/n?) and overestimates latent heat flux with ®4/n? (78
W/n?). The surface terrestrial radiation is captured very wai9 compared to 39%//nm?). The
longwave outgoing and atmospheric counter radiation amesdat larger with 239 and 328 /n?
(compared to 238V /m?) and 324W /).

2.2 Water budget

The global water budget (Fig. 2.1 b) describes continemidlcceanic precipitation, evaporation and
the transports by the atmosphere and river runoff (unitegjfn?). There is good agreement with
observations?): oceanic precipitation and evaporation (precipitatiéd3 compared to 378gy/n?,
evaporation: 473 and 41&)/n?) as well as continental (precipitation: 142 compared to Kg/3r?,
evaporation: 112 and #&)/n?) are both overestimated by PlaSim whereas the atmosphamgport
and the surface runoff are slightly underestimated (30 @etpto 40kg,/m?).

2.3 Lorenz energy cycle

The Lorenz energy cycle presents the global energy balaviteh includes reservoirs relevant for

atmospheric dynamics, energy fluxes into and conversiongele® them. The Lorenz cycle is com-

monly displayed as a box scheme (Fig. 2.2), describing $erveirs of available potential (ZPE) and

kinetic energy (ZKE) of the zonal mean flow, available patdrenergy of the transient (TPE) and

stationary (SPE) eddies and kinetic energy of transienE&)T&nd stationary eddies (SKE). Sources,
sinks and conversions are symbolised by arrows. The endrgglidies and their conversion terms
can be partitioned in three categories: The long waves (lfude all wavenumbers smaller than
four, synoptic waves (SW) represent four to nine, and smallemumbers (KW) from 10 to 21. The

reservoir of available potential energy of the zonal meaw fllargest. It is transformed to eddy

available potential (by transient and stationary eddiasgl to zonal mean kinetic energy, which is
small with Ferrel and Hadley cell contributions almost aglieg (?, p. 383 and?, p. 341).
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3 Zonal averages: temperature, zonal wind,
mass streamfunction

Meridional-height cross-sections show zonal averagesroperature and zonal wind (Fig. 3.1) and
the mass streamfunction (Fig. 3.2) for seasonal and anneahsncharacterising primary and sec-
ondary circulation.

3.1 Temperature and zonal wind

PlaSim reveals the typical patterns of the temperatureldligion and the associated zonal winds with
mid-latitude westerlies and easterlies in equatoriakneg)i The subtropical jets are situated near 30°-
35° in winter with jetstream-axes located below the tropmgaat 200 hPa. The wind maxima shift
polewards to about 40°-45° during summer. These charatitsriare captured by PlaSim and ERA
(Fig. 3.1 a, d). Compared to ERA, PlaSim tends to slightlyresgemate the jet maxima (PlaSim: 40
m/s, ERA: 35m/s) associated with a more upward and poleward location. In 8tdaw(Fig. 3.1 b,

e), the separation of the polar night from the subtropidakjeot captured by PlaSim, where it is too
strong beyond 200 hPa (PlaSim: #0)s, ERA: 35m/s). The annual means (Fig. 3.1 c, f) reflect the
same behaviour, and the summer-winter difference simiilagdlaSim is weaker.

3.2 Mass streamfunction

The typical three cell pattern of the mass streamfunctiag. (B.2) with alternating sign captures
the directions of the zonally averaged mass transport. fhea mean shows two Hadley cells in
the tropics with the stronger one over the SH. The adjacemeFexlls, especially over the Northern
Hemisphere, are considerably weaker. For NH and SH wirtterHadley cells dominate (110
10%kg/sin NH winter and—120x 10°kg/sin NH summer). Compared to ERA afidp. 159, PlaSim
strongly underestimates the mass streamfunction maxichax@mma during both seasons.

11
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4 Global fields: temperature, pressure and
winds

4.1 Surface temperature

In NH winter, the temperature in the tropics ranges from 2BQdC, with a maximum > 30° C over
Australia (Fig. 4.1 a, d). High NH summer temperatures (Eid.b) above 30° C extend from Africa
to Asia with PlaSim simulating another maximum over N-Amoariwhich does not appear in ERA
(Fig. 4.1 e). The 2m-temperatures are similar but with redumaxima (see Figures in appendix).
In high latitudes, PlaSim implies a systematic cold biashim tespective winter hemisphere, which
is attributed to the prescribed sea ice-distribution aisd & the atmospheric humidity field affect-
ing the radiative fluxes. The strongest PlaSim-ERA diffee=noccur near the N-and S-Pole where
minima are about -60° C and -80° C (compared to -40° C in ERAJ}s Teads to lower global mean
temperatures and affects the higher latitude dynamics.

4.2 Mean sea level pressure

In NH winter (Fig. 4.2 a, d), the mean sea level pressure shiogvebserved position and strength of
Aleutian and Icelandic low in the mid-latitudes and of thei&igprial trough. The subtropical highs
are slightly overestimated and shifted northward (PlaSibout 1022 hPa compared to 1018 hPa in
ERA); the Azores High extends too far eastward. North of 60PMSIim sea level pressure is higher
(1020 hPa compared to 1015 hPa). The SH patterns are siniitatarger magnitudes near the S-
Pole. At 60° S, PlaSim sea level pressure is about 10 hPa gho(898 hPa compared to 988 hPa in
ERA). During NH summer (Fig. 4.2 b, e), the deficiencies aneilar, with the anticyclones in the
N-Atlantic and N-Pacific being overestimated. The Asian Blmon low extends to South East Asia
where it is slightly too weak in PlaSim indicative of an unelimated Indian Summer Monsoon.
The zonal profile demonstrates the differences betweerirRlagd ERA in the SH. The subtropical
high is shifted poleward and the mid-latitude low presswel bear 60° S is too weak (1000 hPa
compared to 988 hPa in ERA). South of 60° S, the structureseamedifferent. Over the S-Pole,
PlaSim simulates lower pressure of 998 hPa compared to 1IR@THERA.

15
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Figure 4.1. Surface temperature [°C]; right panels: zoredmwith global mean on top
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4.3 Zonal winds (850 hPa)

In NH winter (Fig. 4.3 a, d), the 850 hPa wind shows a variabigcsure both in PlaSim and ERA.
Meridional profiles (see Figures in appendix) are similahwivo distinct maxima at about 40° N and
40° S; the NH maximum is stronger in PlaSim while the SH maxmisislightly weaker. During NH
summer (Fig. 4.3 b), the easterly winds extend over thed¢sogkcept from the southern Indian Ocean
to the tropical West Pacific. The westerlies of the IndiamAdvionsoon are, compared to ERA (Fig.
4.3 e), less pronounced. The meridional profiles (see Fsgarappendix) show the minimum near
the equator and the maximum near 50° S.

4.4 Zonal winds (300 hPa)

Winds in NH winter (Fig. 4.4 a, d) show the two jets in each reghere. Jet maxima (38/s and
50 m/s) are located near 30° N east of N-America and Asia; minimaioat the eastern Pacific
and Atlantic. These features are captured by PlaSim and BR&SIm shows stronger zonality and
the jet is slightly shifted northward (see Figures in appenextending far into the eastern Pacific
and Atlantic. The cross-Atlantic jet in PlaSim extendsHerteastward into central Europe while it
continues to have a SW/NE orientation across the whole ldmitt in ERA. The equatorial easterlies
are also stronger in PlaSim. The SH maximum is located n€a4Hmd more pronounced in PlaSim
(35m/sto 30m/sin ERA). In NH summer (Fig. 4.4 b, e), wind maxima weaken; n&af N they
are about 13n/s (see Figures in appendix). In the SH, PlaSim overestimatesvesterlies; the jet
over Australia is stronger and located south of 30° S, whilERA it is near 30° S.

4.5 Velocity potential (200 hPa)

The velocity potential of PlaSim and ERA shows large-scaéxima and minima over N-Africa,
S-America and eastern Indonesia in NH winter (Fig. 4.5 a, Dyiring NH summer (Fig. 4.5 b,
e), the winter-maximum over Africa shifts to the south-wiest the Atlantic. The minimum over
eastern Indonesia deepens and extends to the north-wesanhimal mean (Fig. 4.5 c, f) shows the
strong minimum in eastern Asia near the equator. Compar&Ri and?, the winter-maximum
over N-Africa and the minimum over Indonesia are less exadrahd their strength is underestimated
in PlaSim, whereas the minimum over S-America is slightly tieep. During JJA, the maximum
(minimum) is shifted too far to the west (north) and both agaia underestimated in PlaSim. In
the annual mean, the structures are more similar but them@eaind minima are still underestimated
in PlaSim. As this parameter is connected to thermal citmra and convection in the tropics, the
underestimation may indicate suppressed convectpn (

18
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5 Radiation

The solar and terrestrial radiative fluxes at the top of theogphere and at the surface are presented.
The surface net radiation enters the Budyko-Lettau drynetss (Fig. 10.2 on page 59) used for
climate classification.

5.1 Net top solar radiation

For NH winter (Fig. 5.1 a, d), PlaSim and ERA show the sameialppattern of the shortwave
radiation at the top of the atmosphere with maxima near 3@igrepancy occurs north of 70° N
where the net balance is close to zero in PlaSim while ERA shemlar radiation, which is due to
interpolation. During JJA (Fig. 5.1 b, e), the differences @analogue with largest deviations over the
SH polar latitudes.

5.2 Net top terrestrial radiation (OLR)

In NH winter (Fig. 5.2 a, d), the outgoing long-wave radiat{®LR) shows maxima of -300/ /m?
over tropical oceans and N-Africa slowly decreasing polelsdless negative values). Three main
convection areas in the tropics are recognised by PlaSinE&#A& with minimum (weaker) values
of -240W/n?: over Indonesia/New Guinea, S-America and Africa. Theiapaktension differs
between PlaSim and ERA with a weaker minimum in the PlaSineead acific. In PlaSim and
ERA, low values of about -20@//n? occur also over the Tibetan Plateau and China caused by low
temperatures and minimum cloud cover and not due to enhasa®ebction. During NH summer
(Fig. 5.2 b, e), the structures are again similar in PlaSichEeRA. The values have increased up to
-240W /n? over the Tibetan Plateau and China caused by enhanced deedduring Asian Summer
Monsoon. Over the main convection regions in Indonesia/l@unea, S-America, Africa and the
adjacent oceans the OLR increases up to \30@7. In NH summer, the main convective regions
(OLR with weaker negative values) shift slightly to the mosihd are located north of the equator over
Central America, Africa and Eastern Asia, which is shown bthiPlaSim and ERA; also maximum
(strong negative) OLR values (correspond to weak convectocur over the SH tropics. The main
convection region extends to 20° N in PlaSim and ERA and,hmatd from there (except over
Asia), the negative OLR values increase again in N-Amesoae parts of the Atlantic, N-Africa
and southern Europe. North of 60° N, the OLR-values are dsgrg again. The zonal means show
good agreement between PlaSim and ERA in both seasons. Gminjoe?, the OLR tends to be
overestimated in the tropics by PlaSim, so that the conmeds$i underestimated.

5.3 Net surface solar radiation

The NH winter net surface solar radiation (5.3 a, d) reveiatslar spatial patterns for PlaSim and
ERA with maxima in the tropics west of S-America, Africa andsralia; here PlaSim shows slightly
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higher maxima (PlaSim: 33@//n?, ERA: 300W /). The largest differences are obvious in the
polar regions, where PlaSim receives almost no solar iadiabrth of 60° N. Over the N-Pole, the
zonal mean solar radiation vanishes north of 70° N in PlaSilrere ERA-data are affected by the
interpolation scheme. Over the S-Pole, PlaSim receives magliation than ERA. In general, PlaSim
solar surface radiation is smaller over the NH (larger oWy tBan in ERA. During NH summer (Fig.
5.3 b, e), the differences are analogue. PlaSim has mucleiigliues over large parts of Asia and
N-America and over smaller parts to the west of N-Africa Ga: 300W /n?, ERA: 240W /nP).
PlaSim simulates rather high values of solar radiation tvemwhole NH tropics extending up to 60°
N, which is only partly shown by ERA, where minima occur ovdriéa and Asia. Therefore, zonal
means differ with PlaSim showing a distinct maximum at 30%WKjch does not appear in ERA. In
contrast, ERA shows higher values over the SH, mainly inrihygi¢s. South of 70° S, the differences
between PlaSim and ERA are again due to interpolation.

5.4 Net surface terrestrial radiation

In NH winter, the net surface terrestrial radiation showsilsir spatial patterns for PlaSim (Fig. 5.4
a) and ERA (Fig. 5.4 d) with maxima (strongest negative \&@lue the NH. The largest values
occur in N-Europe, the NH tropics between 20° to 30° N, and t¢ive warm regions of Australia,
S-America and Africa. The largest PlaSim-ERA differencpegrs in the NH polar regions where
PlaSim produces less terrestrial radiation (see cold biag)ing JJA (Fig. 5.4 b), the regions with a
maximum in thermal radiation remain unchanged. They havelnshifted slightly northwards on
the NH. Over the SH, they remain nearly constant as well. Goetpto ERA (Fig. 5.2 e), the spatial
structures are similar over most regions; larger diffeesnare found near the poles. The N-Pole
attains larger, the S-Pole less terrestrial radiation aSkeh.

5.5 Net top radiation

In NH winter, the net top radiation reveals similar spatiattprns for PlaSim and ERA (Fig. 5.5 a,
d) with the largest values between 10° N and nearly 60° S. Maxaccur over the SH, mainly in
the south of S-America, S-Africa and Australia. In thesearg and between 30° and 60° S, PlaSim
constantly shows higher values (PlaSim: 180n?, ERA: 120W /n?) whereas in ERA, the net top
radiation already decreases south of 30° S. During NH suntfer 5.5 b, e), the differences are
analogue. The regions with maximum values occur betweersS1&id nearly 60° N, mainly to the
west of N-America and over the southern parts of Asia. Coegptos ERA, PlaSim again shows the
higher values and the strongest differences occur overi&{R&aSim: 120N /n?, ERA: 30W /n¥)
and north of 50° N, where the net top radiation is already esing in ERA (PlaSim: 90V /n?,
ERA: 30W/n? or even less).

5.6 Net surface radiation

In NH winter (Fig. 5.6 a, d), the spatial pattern of the nefate radiation is very similar for PlaSim
and ERA. The largest values occur between 15° N and 60° S h&miaxima located to the west
of S-America, S-Africa and Australia. The largest PlaSiRAEdifference only occurs in the spatial
extension of the region showing largest values but not imth&ima themselves which correspond
well to each other. During NH summer (Fig. 5.6 b, e), high ealof the net surface radiation are
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located between 60° N and 15° S with the maxima to the west Afi¢rica and Africa. Again, this
region of high values is more extended in PlaSim. The lardiffsrences between PlaSim and ERA
are occurring over Africa and Asia where PlaSim is consyasithulating higher values (PlaSim:
about 150V /n?, ERA: 100W/nP).
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6 Precipitation, evaporation and surface
sensible heat flux

The water and sensible heat fluxes at the surface compleheebatance of the surface energy fluxes.
The surface net radiation and precipitation define the Badlylgness ratio often used for climate and
vegetation classification (cf. chapter 10); latent and idn$&eat fluxes yield the Bowen ratio (Fig.
10.3 on page 60); precipitation minus evaporation providesnet fresh water input into the ocean
including the terrestrial runoff and, latitudinally integed, the meridional atmospheric moisture flow
is obtained.

6.1 Precipitation

NH winter precipitation (Fig. 6.1 a, d) in the polar region @mts to 100 mm/season. South of
60° N, precipitation is enhanced mainly over N-America arsibAand over the adjacent oceans it is
increasing up to 600 mm/season. Precipitation minimagdesgolar regions, are located over smaller
parts of N-America, N-Africa and Asia where hardly any pp#etion occurs. While stratiform
precipitation prevails in polar regions, south of 10° N cectwe contribution dominates with maxima
in the tropics and south of the equator over S-America, tlhihson parts of Africa and parts of the
Indian and Pacific Ocean. These features are found in PlaginERA. In the equatorial region and
southward, ERA shows higher maxima (ERA: about 1800 mméseaRlaSim: 1200 mm/season).
Note that precipitation is overestimated by ERA in the teg@nd especially over the oceafls (The
SH winter structure (Fig. 6.1 b, e) shows analogue featWesak precipitation over polar regions
and mid-latitudes. Higher precipitation rates over thefiRagnd Atlantic ocean are smaller in PlaSim
while ERA has 600 mm/season. In contrast, PlaSim shows higtes over some parts of N-America,
Asia and eastern parts of India and China. Besides the tetijezns, the maxima in both data sets are
located over the Caribbean and the adjacent Atlantic Ocgeavell as equatorial Africa. Except the
eastern parts of Africa, which show a precipitation minifieather to the East there is the huge and
extensive region influenced by the Asian Summer Monsoon sigomaximum precipitation rates.
These are mainly located over the Indian Ocean, India itsadf parts of Eastern Asia and China
respectively. This structure is similar in PlaSim and ERA BlaSim is continuously showing the
lower maxima (PlaSim: 800 mm/season, ERA: about 1600 mredsgaover the continents and over
the oceans, but precipitation is overestimated by ERA s ¢gbiason as welP). In the zonal pattern
for JJA, there are larger differences between PlaSim and.EER#ever, the general pattern is shown
by both. PlaSim simulates a larger maximum in about 70° NSiaha about 400 mm/season, ERA:
150 mm/season). In contrast, ERA shows much larger pradipit rates in the NH tropics with a
strong peak at about 10° N (ERA: 1000 mm/season, PlaSim: $0&eason) which is not simulated
by PlaSim. South of the equator, ERA shows a distinct mininati@bout 10° S which is weaker in
the PlaSim simulation. The subtropical maximum at about3l’again more similar in PlaSim and
ERA.
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6.2 Evaporation

In NH winter (Fig. 6.2 a, d), evaporation shows minima of atitt0 mm/season over the continents
north of the equator, except some regions of Africa and @emind S-America. Higher evapora-
tion (between 500 to 600 mm/season) is found in the tropidsthe adjacent oceans with maxima
in the mid-latitude Pacific and Atlantic east of the contitserPlaSim simulates some regions with
higher evaporation (about 700 mm/season) over S-Amerid@&ica. During NH summer (Fig. 6.2
b, e), evaporation increases over large parts of N-Amemch/Asdrica but decreases over the adja-
cent oceans, S-America and Africa. Summer evaporatioredses in regions with winter maxima.
PlaSim tends to overestimate the evaporation compared£o0 ER

6.3 Precipitation minus evaporation

The NH winter precipitation minus evaporation or (P-E)dgkhow similar spatial patterns (6.3 a,
d) for PlaSim and ERA with generally small values in the patgions and larger values in mid-
latitudes. While in the tropics the spatial patterns ardlaimrhigher values in ERA are due to overes-
timated precipitation¥). In NH summer (Fig. 6.3 b, e), the spatial patterns are aistdes for PlaSim
and ERA over the NH and SH mid-latitudes. Again largest défifices are obvious in the tropics. The
meridional profile for ERA shows a peak near 10° N (not simaddiy PlaSim), which may possibly
be due to the ERA bias, likewise the SH minimum at 10° S (Pla%ibout -200 mm/season, ERA:
about -300 mm/season). The annual mean (Fig. 6.3 c, f) shioarsgest differences in the tropics
for PlaSim and ERA while there is good agreement in midddgts of both hemispheres. PlaSim
simulates weaker maxima and minima and a much lower globahme

6.4 Surface sensible heat flux

In NH winter (Fig. 6.4 a, d), the sensible heat flux is most pramced over land with maximum
values in the dry mountainous regions. Largest values ameer N-America, Canada, Asia and the
polar regions, where ERA shows continuously high valuesRia8im only partially. At the N-Pole,
the sensible heat flux is much smaller in PlaSim than in ERA Mimima of the sensible heat flux
can be found in the inner tropics and the mid-latitudes faSith and ERA. Additionally, the tropical
oceans and parts of the extra-tropics show negative vaRresounced minima are noticeable in the
mid-latitude Pacific and Atlantic east of Asia and N-Ameriadiere evaporation is intense, which is
stronger in PlaSim than in ERA (PlaSim: -185/n?, ERA: -60W /n?). In NH summer (Fig. 6.4 b,
e), the features are less obvious. Maxima are restrictedet@alar regions of the SH, although the
heat flux is underestimated by PlaSim compared to ERAN36Y instead of 60V /¥ in ERA). The
spatial patterns are similar over the continents north efefjuator where negative values are more
pronounced in PlaSim; south of the equator stronger miniozaioin ERA and larger differences
are noticeable over the oceans south of 30° S with stronganmaiin PlaSim. Compared to the NH
winter, the large areas of positive heat fluxes are weakez.|atitudinal variation in the zonal profile
is captured by both data sets; larger differences betwesBimRland ERA occur mainly in the NH
polar regions (north of 60° N) during NH winter. The ERA heakfat the N-Pole is about 2 /n?
compared to PlaSim with A&/ /n?. During NH summer, the differences in the zonal means ager
in the SH tropics north of the equator, the mid-latitudes ainthe S-Pole.
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Figure 6.1. Precipitation [mm/season] for DJF and JJA armad/year] for ANM; right panels: zonal
mean with global mean on top
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mean with global mean on top
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7 Geopotential height: means, storm tracks
and wavenumber-frequency spectra

7.1 500 hPa geopotential height and storm tracks

Combination of the 500 hPa geopotential height mean andiizess filtered) standard deviation pro-
vides information on location and intensity of troughssjand storm tracks. PlaSim shows basic
spatial patterns and intensities as displayed in a NH cipmlan projection. For NH winter, some
aspects are noteworthy, compared to ERA (Fig. 7.1 a, c): foog zonality does not fully represent
the stationary wave structure over Europe and N-AmericdaSifh; the Arctic Low is shifted to the
northern parts of Greenland. Both bandpass filtered maxiraatbe Pacific and the N-Atlantic are
overestimated and the latter is less extended and slighiftyed to the east and south, compared to
ERA. However, the SH-geopotential for DJF (Fig. 7.2 a, c)&&age zonally symmetric component
both in PlaSim and ERA.

Additional information is obtained from the unfiltered antefied 1000 hPa geopotential height fields
(appendix: Fig. A.7). The PlaSim climatology compares weth ERA and?, p. 82. Some differ-
ences are noted: The large bandpass variability (storm)taer the N-Pacific and N-Atlantic is
underestimated over the central oceans, compared maifflypto82, which can be attributed to re-
duced cyclonic activity and an overestimation of the meanleeel pressure. In the lowpass regime,
the typical pattern with maxima over the north-easternspafrthe N-Pacific and N-Atlantic is repre-
sented but with a too small intensity (compared to ERA 2nd

7.2 Wavenumber-frequency spectra (50 ° N)

The wavenumber-frequency spectra of the 500 hPa geopaitbatght along 50° N provide informa-
tion about scale dependent contribution of transient eddiamce and the respective eddy phase speed
(??). The propagating wave spectrum (Fig. 7.3 b) shows theiatig peaks (see Lorenz energy cy-
cle on page 9): (i) the low frequency-wavenumber range sheassvard and westward propagating
waves; (ii) the high frequency-wavenumber domain corredpdo eastward propagating synoptic
scale disturbances. While these general features are ¢hoRiaSim,? point out, that three spectral
peaks should be obvious: the eastward propagating longsnatweavenumber 5-6 and a period of
8-10 days, the eastward propagating short waves at wavestufvband a period of 4-6 days and the
stationary ultralong waves at wavenumber 1-4 and a peri@De80 days. In fact, the peaks of the
eastward propagating long waves and the stationary utigaleaves are much more pronounced in
the PlaSim simulation than the peak of the short waves. M@mrethe strength of all peaks is slightly
underestimated by PlaSim, compared to ERA (Fig. 7.3 d)Zand
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Figure 7.1. 500 hPa geopotential mean (isolines, contoacisg is 8 dm) [gpdm] and bandpass
filtered standard deviation (shaded) [m] from 25° to 90° N
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Figure 7.2. 500 hPa geopotential mean (isolines, contoacisg is 8 dm) [gpdm] and bandpass
filtered standard deviation (shaded) [m] from 25° to 90° S
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8 Zonally averaged fluxes: momentum,
sensible heat, wave-activity

8.1 Heat flux

Latitude-height cross-sections of zonal mean northwanasiport of eddy heat flux are presented for
DJF and JJA. The general pattern for DJF (Fig. 8.1 a, c¢) wldiktinct maximum in about 850 hPa
at 50° N is shown by PlaSim and ERA but it is overestimated [asPh, compared to ERA arfg)

p. 326. Over the SH, the structures are similar, but theylagktly more pronounced and extended
southward in PlaSim. During SH winter (Fig. 8.1 b, d), theistures are much more pronounced
over the SH with the maximum located at about 60° S. Howetés,is strongly overestimated by
PlaSim (-40ms~ K in PlaSim compared to -2@s~ 'K in ERA). Over the NH, lower absolute values
occur together with a more uniform total pattern due to thekee meridional temperature gradient.
The NH heat flux in the 850 hPa-level by transient eddies isvehfor NH winter (Fig. 8.6). The
characteristic structures, compared to ERA @ngl 86, are shown by PlaSim, especially the maxima
to the east of the American and Asian continent (Fig. 8.6 d)e ihterseasonal comparison (not
shown) clearly shows the maximum fluxes in the respectiveeninemisphere. A distinct regional
separation of the bandpass and lowpass filtered regimes/isuzb In the bandpass regime, large
heat fluxes in the western parts of the oceans are caused bipodig baroclinic eddies, while in
the lowpass regime those fluxes over the Bering Sea are as=wevith blocking-type flow patterns.
Compared to ERA (Fig. 8.6 d), both maxima in the unfilteredmegare overestimated by PlaSim
and the maximum to the east of N-America is shifted eastwdndthe bandpass regime (Fig. 8.6 b,
e), the overestimation of the Pacific maximum is even stromgBlaSim, and in the lowpass regime
(Fig. 8.6 c, f) the structure is more similar between PlaSimd BRA, except the strong maximum
over Greenland, which is not shown by ERA.

8.2 Momentum flux

Latitude-height cross-sections of zonal mean northwandsgort of eddy momentum are presented
for DJF and JJA. In NH winter (Fig. 8.2 a, c), there is a stropgnsietry with a strong maximum
over the SH and a weaker one over the NH. Due to the divergerics®’| the SH maximum is located
in about 35° S at the 250 hPa-level, and over the NH, it is Hiigthifted southward?, p. 256).
The position of the maxima is correctly revealed by both Phe&hd ERA, but the strength of both is
slightly underestimated by PlaSim, as well as the momentuxirfithe SH polar regions. During SH
winter (Fig. 8.2 b, d), the interhemispheric differences mruch more pronounced than in DJF. The
pattern over the NH has strongly weakened whereas over thel&ts intensified (e.g. PlaSim: 35
ms 2 over the SH compared to 36%s 2 over the NH in DJF and 46¥s 2 over the SH compared
to 20 m?s—2 over the NH in JJA). Compared to ERA, PlaSim again underesémthe maxima.
Although the polar maximum has intensified in the PlaSim &then during JJA, it is still weaker
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than in ERA.

The geographical distribution of the simulated meridiamalmentum flux by transient eddies in the
300 hPa-level is shown in Figure 8.7 a, d for NH winter. Nordnghvfluxes occur between 30° and 40°
N, with maxima located in the central Pacific, over northeartgof N-America and southern Europe.
In contrast to ERA, PlaSim does not show this distinct spitween the maxima over the central
Pacific and northern parts of N-America but simulates a gtraaximum to the west of N-America,
underestimating the flux over N-America. This becomes everermbvious in the bandpass regime
(Fig. 8.7 b, e). Over the N-Atlantic, the flux is also slightto weak, compared to ERA ari] p.
88, and the regions with southward fluxes over the northeeame are less extended. In the lowpass
regime (Fig. 8.7 c, f), the differences are much strongergamed to ERA an@, p. 88), as the pattern
in PlaSim is very coarse. The regions of north- and southwaxds are captured by PlaSim but their
strength is strongly underestimated.

8.3 Transient wave activity (EP) flux

The Eliassen Palm flux (EP) and its divergence are presented for NH winter and sumroer fr0°

to 80° N (Fig. 8.3 a-d). The vertical and horizontal compdeeapresent meridional eddy fluxes of
heat and momentum. The upward component of the EP-flux \&estaws that the poleward eddy
heat flux is the main contributor in the low and mid-tropogehd he arrows are tilting equatorwards
at upper levels indicating momentum convergence near thargam region?). In both seasons,
the divergence in the lower troposphere is strongly undienased by PlaSim, compared to ERA and
mainly compared t@. The PlaSim mid-tropospheric convergence is strongerith&RA, more ex-
tended and shifted downwards. Compared, tihe strength is similar but still shifted too much to the
lower levels. The tilt is not clearly shown by PlaSim, whidntributes to the overall underestimation
of the EP-flux divergence.

8.4 Stationary wave activity flux

The three-dimensional propagation of stationary wavevidigiis shown for the NH (Fig. 8.4). This
mechanism is a generalization of the Eliassen-Palm relddpand the flux permits local diagnosis
of the three-dimensional circulatiof)(

The PlaSim wave activity flux for NH winter is shown in Fig. &4 Compared to ERA (Fig. 8.4 ¢)
and the Figures if?, p. 225, certain similarities are obvious. Two distinct @@&ins are spreading
upward, eastward and predominantly equatorward from eastgia across the N-Pacific and from
eastern N-America across the N-Atlantic. Smaller feataesapparent over central and eastern
Europe. Comparing the two major wavetrains, it is obviowst the N-Pacific wavetrain is both
more intense and extensive than that in the N-Atlantic. ldetire flux of stationary wave activity
into the stratosphere is dominated by the N-Pacific wavetsdiich has additionally a more bended
structure whereas that over the N-Atlantic is more uniforowever, the maximum of the N-Pacific
(N-Atlantic) wavetrain is shifted too far to the west (east)PlaSim and their strength is strongly
underestimated, compared to ERA. During NH summer (Fig. bJ,.4he N-Pacific wavetrain has
shifted to the east in PlaSim and is now located mainly ovémrica, ranging from the western
parts of the N-Pacific to the western parts of the N-Atlanfibe N-Atlantic wavetrain has equally
shifted to the east and is now located over the western pbAsia. Both wavetrains are now much
weaker and less pronounced. Compared to ERA (Fig. 8.4 dpiceatifferences are obvious. In
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PlaSim, both wavetrains are underestimated and ERA stivshwo wavetrains over the N-Pacific
and N-Atlantic respectively and a third, but smaller onerdiie eastern parts of Europe. Compared
to DJF, the N-Pacific wavetrain is now extended over the whNsRacific whereas the pattern of the
N-Atlantic one has nearly remained unchanged, except tithtiavetrains are weaker than in winter.
In both seasons, the horizontal component (arrows) is mueaker in PlaSim.

8.5 Eulerian mean circulation

Meridional-height cross-sections of the Eulerian meacutation are presented in Figure 8.5 for NH
winter and summer. The residual mean vertical motion is gutigmal to the rate of diabatic heating
and approximately represents the diabatic circulatiomérheridional plane, i.e. the circulation in
which parcels are diabatically heated (cooled) when rigangking), so that their potential temper-
ature adjusts to the local environmef.( This residual meridional circulation consists of a sagl
thermally direct overturning in each hemisphere, with tinerggest cell in the respective winter hemi-
sphere. This is shown by PlaSim but the cells are less prasouand their strength is strongly
underestimated, compared to ERA &hg. 325.
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PlaSim ERA
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Figure 8.6. Eddy heat fluxnjs K] at 850 hPa from 15° to 90° N for DJF; (a) and (d) unfiltered, (b)
and (e) bandpass filtered, (c) and (f) lowpass filtered
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Figure 8.7. Eddy momentum flurfs—2] at 300 hPa from 15° to 90° N for DJF; (a) and (d) unfiltered,
(b) and (e) bandpass filtered, (c) and (f) lowpass filtered
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9 Cyclones

9.1 Mid-latitude cyclones

Cyclones are identified as a minimum in the 1000 hPa geopaté&eight field, which persists for at
least two days and shows a minimum mean radial gradient gbr80100km (?). Cyclone density
fields (Figures 9.1 and 9.2), derived for PlaSim and ERA, egreheir basic cyclone climatologies,
but there are differences: Over the NH, density peaks (weme summer, see Fig. 9.1) in the N-
Atlantic (N-Pacific) are shifted about five to ten degreediseard (northward) in PlaSim (compared
to ERA). In NH summer (Fig. 9.1 b, d), both peaks are stronger more zonally oriented, the
maximum over the Denmark Strait is overestimated, whilediesity maxima north of the Persian
Gulf, Arabian Sea and Bay of Bengal are underestimated (eoedpto ERA). The general pattern
over the SH (Fig. 9.2 a-d) shows a zonal band of cyclonic sgtaround the Antarctic, which is too
extended in PlaSim in summer and winter. In DJF, the maxinthgmtlantic and Indian Ocean are
located near 60° S in PlaSim and ERA. The Pacific-maximum Ishioel located between 60° and
70° S (?), as in ERA, but is shifted about five to ten degrees to thehriarPlaSim. During JJA, the
density maxima have weakened which is shown by both PlaSthiE&#. One of the more interesting
characteristics in lower latitudes, @gpoint out, is the split in the Tasman Sea-New Zealand sector,
where low densities occur between 45° and 55° S. This dissiplit is not shown by PlaSim, in
contrast to ERA an@.

9.2 Tropical cyclones

The annual mean tropical Cyclone Genesis Parameter (Y@P,¥8 a, b) is the sum of the four
Seasonal Genesis Parameter (SGP) for the seasons Janaiaty-(MFM), April-June (AMJ), July-
September (JAS) and October-November (OND). SGP has beeduced first by? and is used as
an empirical tool to infer regions of tropical cyclogeng8ls (?). It is based on six parameters char-
acterising dynamical (Coriolis, low level vorticity, veral wind shear) and thermodynamic factors
(moist static stability, mid-tropospheric moisture, uppeean temperature). This provides a good
predictor of the number of tropical cyclones (TCs) formed Bf x 5° latitude-longitude grid. Figure
9.3 a shows the annual mean of the last 20 years of the Pla®imotaun. PlaSim correctly shows the
regions of TC activity with maxima located over the knownrzane basins in the Atlantic, Indian
and Pacific Ocean. Compared to ERA (Fig. 9.3 b), the total rusdre slightly underestimated by
PlaSim but are still in the range of 10% less propose@.by
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Figure 9.1. Cyclone density [#A00Fkn?] from 20° to 90° N
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Figure 9.2. Cyclone density [#A00Gkn?] from 20° to 90° S
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Figure 9.3. Annual mean of the Seasonal Genesis Paramgtiorjes/year] afte?



10 Climate Classification

10.1 Koeppen

The Koeppen classification of continental climates (Fig.118) b) combines near surface air tem-
perature and precipitation and the respective annual cytlidwus classifies the world climates by
climate state variables combining the thermal energy aneémgycle aspects at the surface. Five
main climates are distinguished: equatorial (A), arid ([Barm-temperate (C), snow (D) and polar
(E); further subclasses are not used here. The five maintesma PlaSim are clearly identified and
similar to ERA and to the present day climate respectively (

10.2 Budyko-Lettau (dryness ratio)

The dryness ratio (D = net radiation/precipitation) chtgases the continental surface climates com-
bining long term mean surface energy fluxes to a dimensisrgasameter (precipitation enters in
terms of its latent energy equivalent). Thus energy limd< 1) can be separated from water
limited (D > 1) regimes ???). Five main climate classes are distinguished: Tundra (0<@®3),
humid savanna to forest (0.3 < D < 1), savanna and steppe (1 2.B)<semi-desert (2.3 <D < 3.4),
desert (D > 3.4). The characteristic patterns (Fig. 10.8)skiown by PlaSim and ERA. Larger dif-
ferences occur over the northern parts of N-America and &siesmaller parts of S-America, where
PlaSim shows a slightly lower dryness ratio than ERA, i.erdggon of humid savanna to forest is
more extended than in ERA. The dryness ratio is equally wstienated by PlaSim over large parts
of N-Africa and Australia, so that the desert is underrepmé=d there.

10.3 Bowen ratio

The Bowen ratio?) of surface sensible over latent heat flux (Fig. 10.3) is drib@non-dimensional
parameters characterising the near surface climate (seeBaidyko-Lettau ratio of dryness, Fig.
10.2). Over the oceans, annual means lie between zero awdtf.®laSim showing considerably
higher values (about 0.3 compared to 0.1 for ERA). Over tiseds, PlaSim and ERA provide much
larger Bowen ratios due to weak latent heat fluxes but difieee occur over N-Africa where PlaSim
shows considerably smaller values (about 2 compared tbyr&afor ERA). Over large parts of Asia,
PlaSim simulates higher values, whereas over the Amerigatnent, mainly S-America and eastern
N-America, and the N-Pole regions, PlaSim strongly undenedes the Bowen ratio, simulating also
negative values.
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Figure 10.2. Annual mean Budyko-Lettau dryness ratio
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11 Summary and Conclusion

In the previous chapters the performance of the Planet &barik shown by means of the energetics,
the seasonal and annual mean climates of state variabtbsfledes and global surface climates. The
most important results are now briefly summarised:

(i) The global energetics of PlaSim, expressed in the enangywater budgets and the Lorenz energy
cycle, show good agreement with observatich®(and?) and only smaller deviations.

(i) The seasonal mean climate of the mean sea level preskores only small deviations compared
to ERA concerning the position and strength of the main pmessystems. Likewise, the general
wind pattern shows small deficiencies in the position andstrength of the jets and, although they
are both underestimated, PlaSim shows a good structura¢iagnt in terms of the development of
the main features of the mass streamfunction and the velpotential. Larger deviations occur in
the temperature and radiation fields, as too less surfaceognsiolar radiation in the winter polar
regions are leading to a systematic cold bias there. Thiaridypdue to a deficient prescribed sea
ice-distribution, which is extending too far south. Thisaents already for half of the total bias,
so that the too strong minimum in Fig. 4.1 a in about 80° N iergdty reduced. This new sea-ice
distribution is consequently implemented in the new versibthe Planet Simulator.

Presentation of the global precipitation field shows an ewere realistic pattern than in ERA, as the
precipitation is strongly overestimated in ERA, mainlyetropics ?). Consequently, the P-E-field
shows larger differences between PlaSim and ERA as well@g&dnger precipitation maxima in
ERA.

(iif) The winter mean of the geopotential height reveals@adtvong zonality leading to a deficient sta-
tionary wave structure in PlaSim. Both bandpass filteredimaxver the Pacific and the N-Atlantic
are overestimated and the latter is less extended andlglgihitted to the east and south, compared
to ERA and?, p. 83. Moreover, the peaks of the wavenumber-frequencgtispef the 500 hPa
geopotential height are underestimated by PlaSim as well.

(iv) The distribution of the zonally averaged fluxes in PlaSeveals an opposite picture in PlaSim
with a strongly overestimated heat flux and an underestoinatementum flux. This leads to an
overall underestimation of the EP-flux divergence and tofeidet tilt of the EP-flux arrows. The
stationary wave activity flux shows good structural reshitsthe major wavetrains are strongly un-
derestimated and slightly shifted to the west (east) ovemN#HPacific (N-Atlantic). The cells of the
residual meridional circulation are less pronounced irfsPha and their strength is strongly underes-
timated, compared to ERA artlp. 325.

(v) PlaSim shows the basic cyclone climatology patternsodi Inemispheres, but the density peaks
are shifted southward (northward) in the N-Atlantic (N-Faf in both seasons over the NH. Dur-
ing JJA, both peaks are stronger and too zonally orientedpaoed to ERA. Moreover, the maxi-
mum over the Denmark Strait is overestimated and those oradyidare strongly underestimated by
PlaSim. Over the SH, there is a zonal band of cyclonic agtaibund the Antarctic, which is too
extended in PlaSim in summer and winter. The SH-winter maxame located in the Atlantic and
Indian Ocean near 60° S in both PlaSim and ERA. The Pacifiarman, which should be located
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further south, is shifted about five to ten degrees to theéhnorPlaSim. During NH summer, weaker
density maxima occur, as well as a splitted pattern in thendasSea with lower densities further
north. PlaSim does not show this split but similar values jgarad to ERA. In the tropics, PlaSim
correctly shows the region of large TC activity, but slightihderestimates the total number of tropi-
cal cyclones.

(vi) Finally, PlaSim clearly captures the five main climatd#fsthe Koeppen climatology and the
Budyko-Lettau dryness ratio. Compared to ERA, larger diifiees occur over the northern parts of
N-America and Asia and smaller parts of S-America with RiaSimulating a slightly lower dryness
ratio, i.e the region of humid savanna to forest is more alddrthan in ERA. The desert regions over
N-Africa and Australia are less extended as PlaSim equatetestimates the dryness ratio there.
Although the main characteristics of the annual mean Bowén are shown by PlaSim, compared
to ERA, stronger differences occur over almost all contiakeregions with PlaSim partly strongly
underestimating the Bowen ratio.
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A Appendix

A.1 Adjustments of the Planet Simulator

In this chapter a detailed overview about the output and #meatists of the PlaSim control run are
presented.

khkkkkkhkkhhhhhhkhkhhdhhhhhhkhddhrxhhhkhddrxhhddhrhdhddrxxxkrdx%x

* PLANET SI MULATOR

khkkkkkkhkkhhhkkkhkkhhhhhkkkhhhhhkkrhddhdkkrdddxkxkrdkrxkxrk%%x

* NTRU= 21 NEV = 10 NON= 64 NLAT = 32 *

khkhkkkkkhkkhhhhkkkhkkhhhhhkkkhhhdhkkdhdhdhkhrhddkkxkrdkrxkxrkxx%x

khkkkkkkhkhkhhhhkhkhhdhrxkhkhkhddrrxkhkhkhdhix

* Contents of <surface.txt> *

khkkkkkkhkkhkhhhkkkkkhhhhkkkkhkhhhhrkkrkhrhkx

* Code Array nane File position *

K e e e e e e e e e e e e e e e e e e e e e *
* 129 doro 81 *
* 172 dl's 24994 *
* 172 yls 24994 *
* 172 xls 24994 *
* 173 dzOclim 49907 *
* 174 dal bclim 74820 *
* 209 dtclsoil 99733 *
* 1730 dzOclino 124646 *
* 210 xclicec 149559 *
* 169 ycl sst 448515 *
* 169 xcl sst 448515 *
* 169 dtcl 448515 *
* 212 dforest T47471 *
* 229 dwnax 772384 *
* 232 dglac 797297 *

khkkkkkhkkhhhhhkhkhkhdhrxkhkhkhddrrxkhkhhdhxx

kkhkkkkkhkhkhhhhkhkkhkhdhdhhhkhkkhkhddhhhkkkkhhdxkx*

* Nanelist INP from <puma_namelist> *

khkkkkkkkhkhkhhkkkkkhhhhkkkkhkhdhhkkkkhhdkkx*

&l NP

67



KI CK
NWPD
NCOEFF
NDEL
NDI AG
NEXP
NEXPER
NKI TS
NRESTART
NOUTPUT
NSTEP
NDEBUG
NTSPD
NEQSI G
NPRI NT
NPRHOR
NPACKSP
NPACKGP
NGUI
NRAD
NFLUX
NTI VE
NPERPETUAL =
MARS =
N_START_YEAR
N_START MONTH
N_RUN_YEARS
N_RUN_MONTHS
N_RUN_DAYS -1,
VPSTEP = 45,
N_DAYS_PER MONTH= 30,
N_DAYS_PER YEAR = 365,
DTEP

L1 1 I 1 Y T B 1 O B
w

PP P OORFRPPFPPORFPPOOONMOOR, OWO

[ V|
o

DTNS = 0. 0000000E+00,
DTROP = 12000. 00 ,
DITRP = 2.000000 ;
TDISSD = 10*0. 2000000
TDISSZ = 10%1.100000
TDISST = 10*5.600000
TDI SSQ = 10*5.600000
TR = 288. 0000 ,
PSURF = 101100.0 :
NDL = 10*0 ,
NHDI FF = 15 ,
RESTIM = 10*0. 0000000E+00 ,
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T0

TFRC
NDI AGGP
NDI AGSP =
NDI AGGP2D
NDI AGGP3D
NDI AGSP2D
NDI AGSP3D
NDI AGCF = 0,
SIGH 10*0. 0000000E+00
/

khkkkkkhkhkhhhhhkhkkhhhdhhhhhkhddhrxkrkhddxkkkhhxx

10*250. 0000 :
20. 00000, 100. 0000, 8*0.0000000E+00

o

mnn nn o

cocoo

* Nanelist PLANET from <punma_nanelist> *

khkkkkkkhkhhkkkkkhhhhkkkkkhhdhkkkkrddxkxrdx%x

&PLANET

AKAP = 0.2860000 :

ALR = 6.5000001E- 03

GA = 9.810000 ,
GASCON = 287.0000 ,
PLARAD =  6371000. ,

PNU = 0.1000000 :

WV = 7.2921241E- 05
SCLAR_DAY = 86400. 00,

SI DERI AL_DAY =  86164. 00,

RA1 = 610. 7800 ,

RA2 = 17.26939 :

RA4 = 35.86000 :
YPLANET = Earth

/

Sol ar day . 86400.00 [s]
Siderial day : 86164.00 [s]
Ti mesteps / day: 32

Ti nestep : 45 [ mn]
Simulation tine: 1 vyears
NDEL = 2 Lateral dissipation at |owest |evel
with diffusion coefficient = 2336677. 94886015 nt*2

e-folding time for smallest scale is 5.600000 days
Robert tinme filter with parameter pnu = 0.1000000

khkkkkkkhkkhkhhkkkkkhkhhhkkkkhkkhkhhkxkrkhrk%k

* Ly ¥ Sigma Basic-T Height *
khkkkkhkhkkhkhhhkkhdhhkhhhhkxhdhrkrhhhkx
R 0.038 0.332 26.105 *
20 0.119 0.332 15.724 *
* 3 0.211 0.332 11.453 *
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khkkkkkkhkkhhhhkhkkkkhhhhhhkkhhhhhhhhhhhdhhkhddhhhkrhddhhhhdddhkrhddkxrrddxxkx*x*%

kkhkkkkkkhkhkhhhkkkhkhkhdhhhkkkkkhk*k

* Ly

* 1

O NO Ol b Wi

* %k % k% X k%

9
10

*
*
*
*
*
*
*
*
*
*

whi t e noi se added

*

*

*

Sigma Restor-T *

kkhkkkkkkkhkhkhkhhkkkhkhkhdhhhrkkkkhk*k

©

©

COOCO0000 o

038
119
211
317
437
567
699
823
924
983

210.
210.
214.
231.
246.
258.
269.
2717.
283.
287.

kkkkkkhkkhkhkkkkkkhkkhkhhkxkkkhkk%k

062
209
963
628
132
603
131
607
763
131

*

*
*
*
*
*
*
*
*
*
*

o

O OO OO OoOoOo

. 00000000
. 00000000
. 21916513
. 31426233
. 22709735
. 17459400
. 14126226
. 11983341
. 10666545
0.

10018253

khkkkkkhkhkhkhhhhkhkhhdhhhhhkhddhrhhhkhddrxkrdixx

* M SCMCD

khkkkkkkhkkhkhhkkkkkhkhhhkkkkhkhdhhhkkrhddhhkrkxkrdkxx%x

70

*

o

O OO OO OoOoOo

. 00000000
. 00000000
.00000000
. 17015594
. 26168069
. 20118192
. 16277428
. 13808216
. 12290893
0.

11543875

o

O OO OO OoOoOo

. 00000000
. 00000000
.00000000
.00000000
. 13864397
. 22404753
. 18127461
. 15377606
. 13687831
0.

12855910

* * * * * * * * * *



* Nanelist M SCPAR from <puma_nanel i st> *

khkkkkkkhkkhkhkhhkkkkkhhhhhkkkkkhhhhkkkkrddxkrhdkx*x

&M SCPAR

NFI XER = 1,
NUDGE = 0,
TNUDGET =  10. 00000
/

kkhkkkkkkhkkhkhkhkkkkkhhhhkkkkkhhhhkkkkrddxkrhdkx%x

* FLUXMOD *

khkkkkkhkkhkhhhhkhkhhdhhhhkhkhhddhhxhhhhddxxhrdxx*x

* Namel i st FLUXPAR from <puma_nanel i st> *
khkkkhhhkkhkhhhkkhhhdhkhhhhkxrdhrxrdhhkxxkrhhrhxx
&FLUXPAR

NVDI FF
NSHFL
NEVAP
NSTRESS
NTSA :

VDI FF_LAW = 60. 0000 ,
VDIFF_ B = 5.000000 :
VDIFF_C = 5.000000 :

VDIFF_ D = 5.000000

/

1
1
1
1,
2
1

khkkhkkkhkhhhkhhhrhhhdhdhhrhdddrdrrdrhdrdrdrdx
* RADMOD *
khkkhkhkkhkhhhkhhhrhhhdhdhhrhdddrdrhdrrdrdrdrdx
* Namel i st RADPAR from <puma_nanel i st> *
khkkhkkkhkkkkhkhkhkhhkhkdhkdhdhhhhdkdxhhhkdrdrdxdxx
&RADPAR
NDCYCLE
NC3

o2
GSOLO

| YRBP
NSVR
NLVR
NFI XORB
NSCL
NSWRCL
NRSCAT
RCL1
RCL2
ACL2

0,
1
348. 0000 ,
1365. 000 ,
- 50,

e e e

1
0. 1500000, 0. 3000000, 0.6000000
0. 1500000, 0. 3000000, 0.6000000
5. 0000001E- 02, 0. 1000000, 0.2000000



CLGRAY = -1.000000 :
TPOFMT = 1.000000 ,
ACLLWVR = 0.1000000 ,
TSWR1 = 3.4400001E-02
TSWR2 = 4.8000000E- 02
TSWR3 = 4.0000002E-03

OZONEFI LE = ozone. dat

TH2OC = 3.9999999E- 02

DAWN = 0. 0000000E+00

/

(orb_params) Use input orbital parameters:
(orb_params) ---- Conputed Orbital Paraneters -----
(orb_params) Eccentricity = 1.6714999E- 02
(orb_params) oliquity (deg) = 23.44100
(orb_params) Qoliquity (rad) = 0.4091226
(orb_params) Long of perh(deg) = 102. 0000
(orb_params) Long of perh(rad) = 4.921828
(orb_params) Long at v.e.(rad) = -3.2612994E-02
(Oorb_params) --------mmmmm e

rai nnod version

&RAI NPAR
KBETTA
NPRL
NPRC
NDCA
NCSURF
NMOVENT
RCRIT
CLWCRI T1
CLWCRI T2
/

e N e e

0. 9617000, 0. 8809000, 6*0. 8500000, 0. 9240999, 0. 9833000,
- 0. 1000000 :
0. 0000000E+00

surfnod version

&SURFPAR

NSURF = 1,

NOROVAX = 21,

OROSCALE = 1.000000 ,

| NPUTFI LE = surface_paraneter

/
khkkkhkhkkhhhhkkkhdhhkkhdhhrkrhhhrkrdhhxrhhhkxxxkk
* LANDMCD *

72



khkkkkkhkkhkhkhhhkhkhhdhhhkhkhddhhxkdhhddxxrrdxx%x

* Narmel i st LANDPAR from <l and_nanelist> *

kkhkkkkkkhkkhkhhhkkkkkhhhhhkkkkkhhhhkkkkdkhdkxkrkrdkx*x

&L ANDPAR

NLANDT = 1,

NLANDW = 1,

NBIOVE = O,

ALBLAND = 0.2000000 ,
DZOLAND =  2.000000 ,
DRHSLAND= 0. 2500000,
ALBSM N = 0.4000000 :
ALBSMAX = 0. 8000000 :
ALBSM NF= 0. 3000000 ,
ALBSMAXF= 0. 4000000 ,
ALBGM N = 0. 6000000 ,
ALBGVAX = 0.8000000 :
DSMAX = 5.000000 :
WSMAX = 0.5000000 ,
DRHSFULL= 0. 4000000 ,
DZGAC = -1.000000 ,
DZTCGP = 0.2000000 :
DSA Lz = 0.4000000, 0.8000000, 1. 600000, 3. 200000, 6. 400000,

STARTFILE = surface_paraneter
RLUE 8. 0000001E- 10,
CO2CONV 14. 00000 ,
TAU_VEG =  10. 00000 ,
TAU SO L= 42.00000 ,
FORGROW = 1.000000 ,
RLAI GRONV = 0. 5000000

S = 1.000000
Z0_MAX = 2.000000
RINIVEG = 0. 0000000E+00,

RINISO L = 0.0000000E+00,
RNBI OCATS= 0. 0000000E+00,
NCVEG = 1,
NEWBURF = 0

SET BI OVE PARAMETER

*** array <pgrow> was not in start_data ***
*** array <plai> was not in start_data ***
*** array <pgs> was not in start_data ***

*** array <pz0_max> was not in start_data ***
*** array <dcveg> was not in start_data ***
*** array <dcsoil> was not in start_data ***

73



Array dtcl expanded to 14 nonths

*** array <dwcl > was not in surface file ***
Land: 671 from 2048 = 33%

Sea: 1377 from 2048 = 67%

Executing subroutine seaini - Restart =0
&SEAPAR

ALBSEA = 6.8999998E- 02,
ALBICE = 0.7000000
DZOSEA = 1.5000000E- 05,
DZOICE = 1.0000000E- 03,
DRHSSEA =  1.000000
DRHSI CE =  1.000000
NCPL_ATMOS | CE = 1

/
i cenod version

&l CEPAR
NOUT
NFLUKO
NPERPETUAL | CE
NTSPD
NPRI NT
NPRHOR
NI CE
NSNOW
NTSKI N
NCPL I CE OCEAN = 1,

TAUNC 0. 0000000E+00

XM ND 0. 1000000

NEWSURF 0,

| CEFI LE = surface. txt

FLXFI LE = ice_flux_correction

/

Array xclsst expanded to 14 nonths

Array xclicec expanded to 14 nonths

*** array <xcliced> was not in surface file ***
i ce cover xclicec converted from%to fraction
i ce thickness xcliced computed fromice cover

[ o
I
w

PP OOONOON

khkkkkkkhkkhhhkkkkkhkhhhkkkkhkkhhhhkkrhddhhkkxkrdhkkx*

* OCEANMOD *

khkkkkkhkkhhhhhhhkhhdhhrhhhhddhrrxhhhdddrxrrddxxx*k

* Nanel i st OCEANPAR from <ocean_namnel i st> *

khkkkkkkhkhhkkkkkhkhhhkkkkhhhhkkkhdhhhxkxdhkkx*

74



&OCEANPAR

NDIAG = 480,
NCUT = 32,
NFLUKO = 0,
NTSPD = 32,
NOCEAN = 0,
NPRINT = 0,
NPRHOR = 0,
NPERPETUAL_OCEAN = 0
TAUNC = 0.0000000E+00
DLAYER =  50.00000 :
VDI FFK = 9.9999997E- 05
NEWBURF = 0

/

Array ycl sst expanded to 14 nonths
Surface pressure with no topography
Mean of topographic height

Mean of surface pressure

1011. 00 [hPa]
231.64 [n
983. 58 [hPa]

khkkkkkhkkhkhhhhhhkhhdhhhhhhhhdhrhhhhddhrrxhhddhhhhddxdrrddrxkrddxxxx*

* This sinulationis for Earth *
* Par amet er Units Earth Mars *
* Mass [10724 kg] 5.9736 0.6419 *
* Vol ume [10710 knB] 108.3210 16.3180 *
* Equatorial radius [kn] 6378.0000 3393.0000 *
* Pol ar radius [kn] 6356.0000 3373.0000 *
* Mean radi us [knmj 6371.0000 3390.0000 *
* Ellipticity 0.0034 0. 0065 *
* Mean density [ kg/ mB] 5520. 0000 3933.0000 *
* Surface gravity [ M s2] 9.8100 3.7400 *
* Bond al bedo 0. 3850 0. 1600 *
* Sol ar irradiance [WnR] 1365.0000 595.0000 *
*  Black-body tenperature [K] 247.3000 216.6000 *
* Topogr aphi ¢ range [km 20.0000  36.0000 *
* Sidereal orbit period [ days] 365.2560 686.9800 *
* Sidereal rotation period [hrs] 23.9345 24,6229 *
*  Equatorial inclination [ deg] 23.4400  23.9800 *
* Perihelion [1076 kn] 147.1000 206.6000 *
* Aphelion [107"6 knm{ 152.1000 249.2000 *
* Obit eccentricity 0.0167 0.0934 *
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Conpl eted nonth 12-0001
Compl eted nonth 12-0001
khkkkhkhkkhkhhhkkhdhhdhrhdhhhkrdhdhdrrdhhhrxrdrdhxxrhhrhxx
CPU usage in M SCSTEP (ROOT process only):
Al'l routines : 2.833282 S
Fi xer : 2.719276 S

khkkkkkhkkhkhhhhkhkhkhhhhhhkkkhhddhhhkkkhkhddhhxkhrdhxkkx*

khkkkkkkkhkhhhkkkhkhhhhhkkhkhddhhhkkrkhddhhkxrrdhkxk*

CPU usage in FLUXSTEP (ROOT process only):

Al routines : 53. 70442 S
Al surface fluxes: 2.626275 S
Vertical diffusion: 46. 32839 S
Transfere coeff . -0.8497211 S
Sensi bl e heat fl ux: -3. 406728 S
Evapor ati on : -2.934723 S
Wnd stress : -2.670729 S

khkkkkkkhkhhhhkhkhkhhdhhhhkkhkhddhhhkkhkhddhhkkxkrdhixkk*k

khkkkkkkhkkhkhhhkkkkkhhdhhkkkkhkhkhhhkkkkhddhhkkxkxdhkx*x

CPU usage in RADSTEP (ROOT process only):

Al routines : 286. 7604 S
Short wave 117.2184 S
Long wave 143. 7350 S

khkkkkkkhkkhhkhhkkkkkhhhhkkkhkhdhhhkkrhddhhkrkxkrdhkx*x

khkkkkkkkhkhhhkkkhkhhhhhkkhhdhhkkkrhddhhkxrrdhkxk*

CPU usage in RAINSTEP (ROOT process only):

Al'l routines 107. 4204 S
Large scale p : 9.982278 S
Convective p 33. 47531 S
Cloud formation: 15. 03532 S
Dry convection : 12. 71530 S

khkkkhkhkhkhhhhkhdhkhhhdhdhhhrxdhdhhhddhhkxddhxkrkrdrdrhxx
khkkkhkhkkhhkhhkhdhkhhkhhdhhrdhdhhkhddrhkrddhxxkrdrxk
* i i *

Run finished at step 23392
khkkkhhkkhhhhkkhdhdkhhdhdhkrhdhrhrddrxhrddhkxxxdhrx
khkkkhkhdkkhhhhkkhdhhdhdhhdhhhkdrhdddhrdrddhkdxhddrrrxdrdddhxrdrhhrx*x

total CPU usage (ROOT process only): 747.1870 s

khkkkkkhkhhhhhkhkhhdhhhhhhkhddhrhhhhddhrxkdddhkxddddrxxrdd%x

i ce_namel i st
& CEPAR
NNCE =0
&END

| and_nanel i st
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& andpar
&end

ocean_nanel i st

&OCEANPAR
NOCEAN = 0
&END

puma_nanel i st

& NP
MARS
NOUTPUT
NGUI
N_START YEAR=
N_DAYS PER YEAR= 36
N_RUN_YEARS=

VPSTEP
NWPD

NDI AG
NPRI NT
NRESTART
NTI VE
&END
&PLANET
&END

&M SCPAR
&END
&FLUXPAR
&END
&RADPAR
TSVRL
NDCYCLE
NFI XORB
oo

DAWN
GSOLO
&END
&RAI NPAR
&END
&SURFPAR
&END

[ R I |
w
N B
P OOOPRFr Ul Ul OF O

3. 44E-2
0
1
348. 0000
0. 0000
1365. 0000
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sea_nanel i st

&seapar
&end
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A.2 Further Output

(d)

180 120W 60w 0 60E 120€ 180 180 120W 60w 0 60E 1206 180
-60-40-20 0 20 40 -60-40-20 0 20 40

180 1200 60W 0 60 120€ 180 180 120W 60W 60 120 180
-60-40-20 0 20 40 -60-40-20 0 20 40

180 120W 60w 0 60E 120€ 180 180 120W 60w 0 60E 1206 180
-60-40-20 0 20 40 -60-40-20 0 20 40

Figure A.1. T2m [°C]. Right panels: zonal mean with globalemen the top.
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Zonally averaged zonal wind at 300 hPa [m/s]

Figure A.2.
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Figure A.3. Zonally averaged zonal wind at 850 hPa [m/s]
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(@) (d)
DJF -89.87 DJF ~80.81

180 180 120W 60W 60E 120E 180
-160-120 -80 -40 0

180 1200 60W 60 120 .
-160-120 -80 -40 0

() (e)
JUA -94.11 JUA ~83.92

180 60E 120E 180
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-160-120 -80 -40 0
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-160-120 -80 -40 0

() ®
ANM -91.19 ANM -82.25
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-160-120 -80 -40 0

————
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-240 -210 -180 -150 -120 -90 -60 -30 0 -240 -210 -180 -150 -120 -90 -60 -30 0

Figure A.4. Surface latent heat fluw[/n?]. Right panels: zonal mean with global mean on the top.
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PlaSim

DJF
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(d)
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DJF

(b)

JJA

(e)

Figure A.5. z500 Northern Hemisphere [gpdm] from 20° to 90Tentour spacing is 8 dm.
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PlaSim ERA
(d)

Figure A.6. z500 Southern Hemisphere [gpdm] from 20° to Q0C&tour spacing is 8 dm.



PlaSim ERA

(@) (d)
DJF DJF

Figure A.7. Northern Hemisphere 1000 hPa standard dewitid from 15° to 90° N for DJF; (a)
and (d) unfiltered, (b) and (e) bandpass filtered, (c) ana{¥phss filtered
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PlaSim ERA

(a) )
DJF DJF

(b) (d)
JUA JUA

Figure A.8. Cyclogenesis density [200Fkn?] from 20° to 90° N



PlaSim ERA
(@ (©

(b) (d)
JUA JUA

Figure A.9. Cyclolysis density[%d 00Fkn¥] from 20° to 90° N
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(b)

(d)

Figure A.10. Cyclogenesis density [00Fkn?] from 20° to 90° S



(b)

(d)

Figure A.11. Cyclolysis density [¥400Fkn?] from 20° to 90° S
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