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9 Abstract Two kinds of objective functions for parameter

10 optimisation in simplified general circulation models

11 (SGCMs) are introduced and tested with an SGCM

12 employing linear parameterisations for diabatic heating,

13 surface friction and horizontal diffusion. (a) A set of cir-

14 culation indices is introduced to characterise the zonal mean

15 primary and secondary circulation and the global energet-

16 ics. The objective function is then given by the distance

17 between the modelled and a reference (e.g. observed) cir-

18 culation in a state space spanned by these indices. (b) The

19 global and time mean entropy production and kinetic energy

20 dissipation are introduced as additional objective functions,

21 following the maximum entropy production principle. It is

22 found that both methods lead to optimal parameter values

23 close to the standard configuration of the model, though the

24 method of the second kind is restricted to those model

25 parameters associated with internal processes such as heat

26 and momentum fluxes.

27

28

29 1 Introduction

30 Atmospheric circulation models are represented by a set of

31 nonlinear differential equations, describing conservation of

32 energy, mass and momentum. Depending on the scale of

33 the phenomena to be modelled and the aim of the appli-

34 cation, adequate approximations are made. Solving these

35 equations necessitates discretisation and numerical solution

36 which limits the spatial resolution. Processes below this

37spatial scale and those excluded by the approximations

38made cannot be simulated explicitly by the model and are

39taken into account by proper parameterisations. The for-

40mulation of these parameterisations include parameters

41which, in general, need to be tuned to obtain reasonable

42solutions.

43There is a number of studies on the optimal choice of

44parameters of different types of general circulation models

45(GCMs). For example, Severijns and Hazeleger (2005)

46optimise parameters of the parameterisations of radiation,

47clouds and convection in an intermediate-complexity

48atmospheric general circulation model (GCM) by defining

49several multi-dimensional fields of model variables as an

50optimisation target and applying a downhill simplex

51method to minimise an objective function, which is based

52on errors between model and target fields. Jones et al.

53(2005) optimise model parameters of a low resolution

54version of a complex atmospheric GCM by defining the

55climatology of the high resolution version as the target and

56choosing as the objective function to be maximised the

57Arcsin–Mielke score, also taking into account several

58multi-dimensional fields of different model variables.

59Lunkeit et al. (1998) and Blessing et al. (2004) optimise

60the simplified general circulation model PUMA (Portable

61University Model of the Atmosphere; see Fraedrich et al.

621998, 2005b), which employs simple linear parameterisa-

63tions for diabatic heating, surface friction and horizontal

64diffusion, and is a further development of the multi-layer

65spectral model described in Hoskins and Simmons (1975),

66also comparable with the Held and Suarez (1994) type

67dynamical core. In these two cases the involved parameters

68are tuned with respect to the simulated zonal and time

69mean temperature, and objective functions are defined by

70an Euclidean distance between the modelled and target

71zonal mean temperature. Lunkeit et al. (1998) use a

A1 T. Kunz (&) � K. Fraedrich � E. Kirk
A2 Meteorologisches Institut, Universität Hamburg, Bundesstraße

A3 55, 20146 Hamburg, Germany

A4 e-mail: torben.kunz@zmaw.de

123
Journal : Large 382 Dispatch : 8-10-2007 Pages : 11

Article No. : 325
h LE h TYPESET

MS Code : 325 h CP h DISK4 4

Clim Dyn

DOI 10.1007/s00382-007-0325-y

A
u

th
o

r
 P

r
o

o
f



72 nudging method, where the forcing field is corrected at

73 every time step by a damping term dependent on the dif-

74 ference between the actual zonal mean model temperature

75 and the target. The forcing field then quickly converges

76 towards a reasonable solution. Blessing et al. (2004) use an

77 adjoint version of the model to obtain information about

78 the gradient of the objective function with respect to the

79 relaxation temperature field.

80 This study proposes parameter optimisation methods for

81 simplified general circulation models (SGCMs), ranging

82 from dynamical cores to intermediate-complexity models.

83 SGCMs are often used for basic process studies, focussing

84 on certain key aspects of the atmospheric general circula-

85 tion, and are generally characterised by low computational

86 costs. This type of model is also suitable for testing different

87 basic parametrisation approaches, for example, for inves-

88 tigation of the effect of stochastic forcing on the large scale

89 circulation in the context of stochastic parameterisation

90 (e.g. Seiffert et al. 2006). The optimisation methods pro-

91 posed here support the modeller in SGCM development or

92 setup of new model experiments. They are tested with the

93 aforementioned SGCM PUMA, and are of the following

94 two different kinds. (a) An objective function is defined

95 based on a small number of circulation indices, which

96 characterise the general circulation and can be calculated

97 for the circulation state at a given parameter configuration

98 or, similarly, the circulation state of the real atmosphere, or

99 another model. By introducing a metric on the state space,

100 spanned by these indices, the objective function is given by

101 the distance between the model circulation state and a ref-

102 erence state (e.g. real atmosphere), which is to be

103 minimised. Characterising the circulation by a set of indices

104 allows focusing on certain features of the circulation,

105 according to the respective application of the model. Fur-

106 thermore, it reflects the purpose of SGCMs to simulate

107 certain characteristic processes of the general circulation by

108 reducing the complexity of the system. More complex

109 GCMs, on the other hand, simulating a more realistic cli-

110 mate, may be better optimised by directly comparing the (in

111 general zonally varying) fields of model variables with

112 corresponding fields from observations or higher resolved

113 model simulations, as suggested by Severijns and Hazeleger

114 (2005) and Jones et al. (2005). For the test case shown in

115 this study, a set of indices is chosen to describe the mean

116 primary and secondary circulation and the global energetics

117 in terms of the Lorenz energy cycle (see Sect. 2). (b)

118 Alternatively to this objective function, which is dependent

119 on the choice of indices and relates the model to an exter-

120 nally prescribed reference state, the global mean entropy

121 production and the kinetic energy dissipation are calculated,

122 motivated by the selection principle of maximum entropy

123 production of non-equilibrium stationary states of open

124 systems (e.g. Dewar 2003). That is, with this method

125parameters are optimised by a thermodynamic principle

126inherent to the system under consideration. It turns out that

127both quantities are maximised near the optimal values of the

128subset of those model parameters, which can be related to

129internal processes (internal parameters).

130Given the aim of the study to find optimal parameters

131for SGCMs, the outline is as follows: in Sect. 2 the

132parameters of the PUMA model are introduced and the

133different objective functions are defined. The results from

134applications to the PUMA model are presented in Sect. 3

135and the limitations of the methods are discussed. A sum-

136mary and conclusions follow in Sect. 4.

1372 Model and Methods

138For this study the SGCM PUMA is used, which is docu-

139mented in detail in Fraedrich et al. (1998, 2005b). The dry

140hydrostatic model solves the primitive equations on the

141sphere and utilises the spectral transform method (Eliasen

142et al. 1970; Orszag 1970) and a semi-implicit time differ-

143encing scheme. The model integrations presented in the

144next section are performed with a triangular truncation at

145wavenumber nT = 21 and with five equally spaced r-levels

146in the vertical (T21L5). The model equations further

147include the following linear parameterisations.

148Diabatic heating is parameterised by Newtonian cool-

149ing, where the model temperature T is relaxed towards a

150constant three-dimensional relaxation temperature field TR
151within the timescale sH:

oT

ot

� �

Heating

¼ TR � T

sH
: ð1Þ

153153The relaxation temperature field TR provides the thermal

154forcing, which drives the general circulation, and is

155essentially determined by the equator-to-pole difference

156(DTR)EP at the surface and its global mean vertical lapse

157rate L. The values of the timescale sH at the five model

158levels are specified as follows (from top to bottom):

levels 1 to 3 : sH ¼ sH
�;

level 4: sH ¼ ð0:8aþ 0:2ÞsH�;

level 5: sH ¼ asH
�: ð2Þ

160160The parameter sH
* sets the heating timescale in the free

161atmosphere and, by the factor for boundary layer diabatic

162heating a (0 \ a £ 1), the timescale at the lower model

163levels can be reduced accounting for the faster heating

164timescale there due to turbulent vertical heat fluxes from

165the surface.

166Surface friction is applied to relative vorticity f and

167divergence D by a Rayleigh friction term at the lowermost

168model level, with a timescale sF:
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oðf;DÞ
ot

� �

Friction

¼ �ðf;DÞ
sF

: ð3Þ

170170 Horizontal diffusion is represented by a scale selective

171 8th order hyperdiffusion term, which parameterises subgrid

172 scale mixing by non-resolved eddies and their effect on the

173 energy and enstrophy cascade, with vertically independent

174 timescale sD:

oðT ; f;DÞ
ot

� �

Diffusion

¼ �k
r8ðT ; f;DÞ

sD
;

where k ¼ a2

nTðnT þ 1Þ

� �4

; ð4Þ

176176 and a is the Earth’s radius.

177 Thus, with this formulation the model contains six

178 model parameters. (DTR)EP and L, which set up the external

179 forcing of the general circulation, are referred to as external

180 parameters, whereas sH
* , sF, sD and a, which are related to

181 internal processes like diabatic heating, dissipation and

182 mixing, are termed internal parameters. The standard val-

183 ues for these parameters are listed in Table 2, second

184 column, as used for various experiments with PUMA (e.g.

185 Frisius et al. 1998).

186 In the following three different objective functions for

187 optimising parameters of SGCMs are defined, which are

188 then tested with the PUMA model. The index based

189 objective function (a) differs from those based on entropy

190 maximisation (b) in the following points: the advantage

191 appears to be the fact that the characteristics of the model

192 circulation to be tuned can be determined externally in this

193 method, since the choice of indices is, in general, arbitrary

194 and the target of the optimisation can be set manually (to,

195 for example, the circulation of the real atmosphere or that

196 of the same model with higher resolution) by specifying

197 corresponding reference index values (see below). On the

198 other hand, the entropy maximisation based methods are

199 independent of any external information and, therefore,

200 objectivity is fully ensured. Thus, while method (a) may be

201 used by the modeller to directly tune SGCM parameters

202 with respect to the desired aspects of the general circula-

203 tion, method (b) allows to check consistency of any

204 parameter configuration (for example, that found by the

205 former method) with the entropy maximisation principle,

206 though it may also be used as an objective function itself.

207 2.1 Index based objective function

208 A common way of interpreting the atmospheric general cir-

209 culation is to analyse the dynamics of the zonally averaged

210 circulation and the global energetics in terms of the Lorenz

211 energy cycle. This is particularly useful for investigating the

212circulation modelled by SGCMs with zonally symmetric

213forcing and boundary conditions, where zonal asymmetries

214are restricted to transient eddies and the time mean climate is

215independent of longitude. Additionally, the zonal mean cir-

216culation is usually separated into the zonal component

217(primary circulation) and the ageostrophic components in the

218vertical-meridional plane (secondary circulation). The basic

219features of the primary circulation are the westerlies in mid

220and high latitudes with maxima in the upper tropospheric jet

221streams and easterlies in low latitudes, whereas the secondary

222circulation is dominated by the meridional overturning in the

223Hadley and Ferrel cells and can be expressed by the meridi-

224onal mass streamfunction w, defined in the ‘‘Appendix’’. The

225Lorenz energy cycle quantifies the conversions between

226available potential energy A and kinetic energy K and addi-

227tionally those between the zonal mean, AZ and KZ, and the

228eddy parts, AE and KE, respectively. It thereby gives infor-

229mation in a concise way about the globally integrated

230interactions between the different parts of the circulation and

231about processes involved, like for example baroclinic activity

232and dissipation of kinetic energy. The various energy con-

233versions are also given in the ‘‘Appendix’’.

234To construct an objective function for the parameter

235optimisation problem, first, a set of circulation indices Ii is to

236be defined for this method. For the test case with the PUMA

237model presented in this study, the following choice of

238indices is made to cover the above mentioned features of the

239general circulation resolved by this SGCM (see Table 1 for

240detailed definitions): The zonal mean circulation is charac-

241terised by the strength of the tropospheric circumpolar

242vortex at 500 hPa, also known as the zonal index measuring

243strong/weak mid-latitude westerlies (I1), the intensity of the

244tropospheric jet stream, resulting from non-linear eddy-

245zonal flow feedbacks (I2) (primary circulation) and by the

246width (I3) and intensity (I4) of the Hadley cell (secondary

247circulation). The global mean energetics in terms of the

248Lorenz energy cycle are characterised by the baroclinic

249energy conversions (I5 and I6) and the barotropic energy

250conversion (I7). No additional index is used for character-

251isation of the Ferrel cell, since they are driven by mid-

252latitude baroclinic wave activity, already measured by the

253energy conversions. These indices are then combined to the

254state vector I~ :¼ ðI1; I2; . . .; INÞ 2 Z � R
N ; where Z is the

255state space, and, for this particular choice of indices, it is

256N = 7. This state vector can be calculated frommodel output

257as well as for any observed circulation state. In this context it

258represents a long term mean over at least 10 years. For

259another than this test case different indices may be chosen,

260depending on the respective application of the method.

261Again, this appears to be an advantage of this method. If, for

262example, the model is extended to the stratosphere, indices

263for the winter stratospheric polar vortex and for the flux of

264wave activity across the tropopause might be reasonable, or
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265 in the case of applying a stochastic forcing to the model

266 dynamics (e.g. Perez-Munuzuri et al. 2005; Seiffert et al.

267 2006), an index for the dominant mid-latitude zonal wave-

268 number. Also the number of indices may vary for different

269 applications of this method.

270 Next, for the construction of the objective function a

271 metric d is introduced on the state space Z as distance

272 between two states I~a and I~b :

d : Z�Z!R; dðI~a;I~bÞ :¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 w�1

i ðIaÞi�ðIbÞi
� �� �2q

ffiffiffiffi
N

p ;

ð5Þ

274274 with wi[ 0. The wi are called metric weights and

275 w~ :¼ ðw1; . . .;wNÞ the weighting vector. Note that

276 dðI~a; I~bÞ ¼ 1; if |(Ia)i – (Ib)i| = wi for all i.

277 Finally, with the model M : P ! Z; MðP~Þ ¼ I~M

278 symbolising an integration of the circulation model with a

279 parameter configuration represented by the parameter

280 vector P~ 2 P; with the m-dimensional parameter space P,

281 that results in the model circulation state I~M; the objective

282 function F can be defined as

F : P� Z ! R; FðP~; I~RÞ ¼ dðMðP~Þ; I~RÞ ¼ dðI~M; I~RÞ;
ð6Þ

284284 with reference state I~R (e.g. state of observed circulation).

285 In the context of the parameter optimisation problem this

286 objective function F is to be minimised by variation of the

287 parameter vector P~ at fixed I~R: The required termination

288 condition for the minimisation of F is specified as

289 FðP~; I~RÞ� 1:

290 2.2 Entropy production and kinetic energy dissipation

291 Alternatively to the objective function of the previous

292 subsection, which is dependent on the choice of indices,

293the weighting vector and the reference state, two further

294objective functions are introduced here, which are based

295on maximisation principles. Open systems with many

296degrees of freedom in quasi stationary states far from

297equilibrium appear to always approach such states asso-

298ciated with the maximum possible entropy production

299(MEP) under the given boundary conditions. Several

300investigations, starting from Paltridge (1975), appear to

301support this principle and show that the configuration of

302the long term mean large scale horizontal atmospheric and

303oceanic heat fluxes corresponds to a state of maximum

304entropy production (Dewar 2003). Ozawa and Ohmura

305(1997) also show this for the atmospheric vertical con-

306vective heat fluxes. This is also associated with a state of

307maximum vertical heat fluxes and maximum kinetic

308energy dissipation (MKD; see below). In this context long

309term mean states of the circulation are interpreted as quasi

310stationary states, which are subject to internally generated

311as well as to externally forced (e.g. annual cycle) fluctu-

312ations allowing the system to transit between different

313states and, therefore, to select the state of MEP or MKD,

314respectively (Paltridge 1979).

315In a circulation model some internal processes, like

316diabatic heating, surface friction and horizontal diffusion

317in the case of the PUMA model used in this study, are

318parameterised and, therefore, cannot adjust to and select

319the state of MEP/MKD. Instead that state can be found by

320tuning the corresponding model parameters. Kleidon et al.

321(2003) vary the timescale of surface friction in the same

322model and find a state of MEP at a reasonable value for

323this parameter. Here, this behaviour of entropy production

324and additionally that of kinetic energy dissipation is used

325to define these quantities as alternative objective functions

326for optimisation of model parameters, in comparison to

327the results of the index based objective function. The

328change of entropy dS at heat supply dQ and at tempera-

329ture T is given by

Table 1 Circulation indices I1,…,I7: z500 is the 500 hPa geopotential

height, u300 the zonal wind at 300 hPa, / the latitude, and /1, /2 are

the first and second zero crossings of the time, zonal and vertical

mean mass streamfunction w (see ‘‘Appendix’’) counted from the

equator, A is the available potential energy and K the kinetic energy,

each separated into zonal mean (Z) and eddies (E). Also specified are

the reference state {\vec{I}}_R=((I_R)_1,\ldots,(I_R)_7) taken from

observations and the weighting vector {\vec{w}}=(w_1,\ldots,w_7)

used in Sect. 3

Index Definition Units (IR)i wi

Zonal index I1 :¼ ½z500ð30�Þ � z500ð60�Þ� gpm 520 15

Jet intensity I2 :¼ maxð½u300�ð/ÞÞ m s–1 24 1

Hadley cell width I3 :¼ D/ ¼ /2 � /1;
c½w�ð/1;2Þ ¼ 0 � lat 28 5

Hadley cell intensity I4 :¼ maxð½w�ð/; pÞÞ 1010kg s–1 6.5 2.0

Baroclinic conversion I I5 :¼ hAZ ! AEi W m–2 1.25 0.5

Baroclinic conversion II I6 :¼ hAE ! KEi W m–2 2.00 0.5

Barotropic conversion I7 :¼ hKE ! KZi W m–2 0.35 0.5
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dS ¼ dQ

T
: ð7Þ

331331 The global and time mean of entropy production in the

332 atmosphere g is then

g ¼ cp

g

Zps

0

1

T

oT

ot
dp

8
<

:

9
=

;; ð8Þ

334334 in units of [Wm–2K–1], {X} and X denote a global

335 horizontal and a time mean, respectively. The global and

336 time mean dissipation of kinetic energy Dkin must be equal

337 to its production, given by the conversion of available

338 potential energy A into kinetic energy K in terms of the

339 Lorenz energy cycle [see Eqs. (13) and (15) in the

340 ‘‘Appendix’’]:

Dkin ¼ hAE ! KEi þ hAZ ! KZi: ð9Þ

342342 From Eqs. (13) and (15) it is clear that this sum

343 represents vertical atmospheric heat fluxes. Thus, a state of

344 MKD is associated with a state of maximum vertical heat

345 fluxes. Since g is related to fluxes of heat energy and Dkin is

346 related to fluxes of available potential energy and kinetic

347 energy, both objective functions part of global mean

348 energetics.

349 However, in spite of the large evidence it is important to

350 note that the MEP principle is still controversial, and its

351 applicability to the climate has not been convincingly

352 demonstrated (Whitfield 2005). Therefore, the provisional

353 status of MEP for climate should be considered when using

354 the MEP based objective functions (8) and (9).

355 3 Results

356 Employing PUMA a test is performed of the sensitivity of

357 the index based objective function and that of the entropy

358 production and dissipation of kinetic energy to changes of

359 the model parameters. The following six parameters

360 (introduced in Sect. 2) are varied through a range, where

361 the model can be stably integrated: The equator-to-pole

362 difference (DTR)EP and vertical lapse rate L of the relaxa-

363 tion temperature field, the timescales sH
* , sF and sD for the

364 diabatic heating, surface friction and horizontal hyperdif-

365 fusion, respectively, and the factor for the boundary layer

366 diabatic heating a (see Eqs. 1–4). Thus, each parameter

367 configuration can be represented by a parameter vector

368 P~ 2 P in the six-dimensional parameter space P. For each

369 parameter configuration a 13.5 years model integration

370 with perpetual equinox conditions was performed and the

371 first 18 months were discarded to avoid effects of the

372 model’s spinup phase.

3733.1 Index based objective function

374To calculate the index based objective function F (Sect. 2),

375it is necessary to specify a reference circulation state I~R and

376a weighting vector w~: Here, I~R is chosen to represent the

377long term annual mean state of the observed circulation.

378The primary circulation indices (IR)1 and (IR)2 are calcu-

379lated from the NCEP/NCAR reanalysis dataset (Kalnay

380et al. 1996), the secondary circulation indices (IR)3 and

381(IR)4 are estimates taken from Peixoto and Oort (1992) and

382the indices for the energy conversions (IR)5, (IR)6 and (IR)7
383are estimates from values given in Oort and Peixoto (1974),

384Oort and Peixoto (1983) and Arpe et al. (1986). The metric

385weights wi reflect the estimated uncertainties in determin-

386ing the indices by comparing different climatologies. The

387values of the (IR)i and wi are given in Table 1.

388First, each of the six model parameters is varied sepa-

389rately (with other parameters held fixed at their standard

390values). The response of the index based objective function

391F to changes of the model parameters, together with its

392inter-annual variability rd (standard deviation of annual

393means), are shown in Fig. 1. Except for the boundary layer

394diabatic heating a, F exhibits clear minima at certain values

395for all parameters. The minimum for a is only weakly

396pronounced. The minimum values Pmin (after a second

397iteration with smaller parameter increments around the

398minima of the first iteration) are almost identical to the

399original standard parameter configuration P~standard except

400for the timescale of the hyperdiffusion (sD = 8 days) and

401are summarised in Table 2, together with the correspond-

402ing minima of FðPmin; I~RÞ and its variability rd. Note that

403neither the value of F of its secondary minimum at sD =

4041.5 h, nor that at sD = 6 h (i.e. P~standard) differs signifi-

405cantly in terms of the inter-annual variability from the

406absolute minimum at sD = 8 days. The minima of

407FðPmin; I~RÞ are all less than the value for the standard

408parameter configuration, FðP~standard; I~RÞ ¼ 1:43; thus indi-

409cating a slight improvement of the parameter tuning

410already in the case of single parameter variation.

411Next, as an example for two parameter variation the

412timescale of the diabatic heating sH
* and that of the

413boundary layer heating a are varied. The objective function

414F as a function of these two parameters is shown in Fig. 2.

415The topography of F exhibits a valley including the cor-

416responding standard parameter configuration P~standard (with

417sH
* = 30 days, a = 0.17) for small a and the absolute

418minimum of F at large a (sH
* = 15 days, a = 1). It is

419interesting that the latter one, with uniform diabatic heating

420timescale, indeed corresponds to another standard param-

421eter configuration of the model, with F = 1.25, which is

422only, but not significantly, outperformed by the minimum

423found in the single parameter variation of sD, with

424F = 1.20 (see Table 2). These alternative standard values
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425 for  the  diab atic  heat ing, sH
* = 30 days and a = 0.17, were

426 used, for example, by [1,000] to enhance the effect of

427 zonally asymmetr  ic low level therm al forcing of localised

428 storm tracks.

429When the two parameter optimisation is extended to

430three parameters by adding the timescale of the hyperdif-

431fusion sD two not significantly different minima (in terms

432of rd) are found, which are close to the two different
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Fig. 1 Single parameter

optimisation: index based

objective function F as function

of the parameters (DTR)EP, L,

sH
* , sF, sD and a (see text for

details). Vertical bars represent

inter-annual variability (±rd,

standard deviation of annual

means)

Table 2 Single parameter optimisation: optimal model parameter

values Pmin and corresponding minima of index based objective

function F with inter-annual variability rd (standard deviation of

annual means), and optimal model parameter values Pmax with respect

to global entropy production [g] and kinetic energy dissipation [Dkin]

Parameter Pstandard Pmin [F] FðPmin; I~RÞ 	 rd Pmax [g] Pmax [Dkin]

(DTR)EP 70 K 69.0 K 1.39 ± 0.06 – –

L 6.5 K km–1 6.5 K km–1 1.42 ± 0.08 – –

sH
* 30 days 29 days 1.41 ± 0.08 24 days 18 days

sF 1 days 0.85 days 1.35 ± 0.12 2.2 days 2.2 days

sD 6 h 8 days 1.20 ± 0.13 1.4 days –

a 0.17 0.13 1.40 ± 0.09 0.22 0.28

For comparison the standard parameter configuration Pstandard is also given (with FðP~standard; I~RÞ ¼ 1:43)
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433 standard parameter configurations with respect to sH
* and a.

434 In particular, the minima are at sH
* = 40 days, a = 0.15,

435 sD = 4 days with F = 1.09 (rd = 0.17) and at sH
* = 14

436 days, a = 1, sD = 1.5 h with F = 1.11 (rd = 0.08). At these

437 minima F is close to unity and, therefore, the termination

438 condition (see Sect. 2) is approximately fulfilled. They

439 further correspond to the primary and secondary minimum

440 of F of the single parameter optimisation of sD. However,

441 here the values of sD are less separated, suggesting that

442 optimisation of this parameter is strongly dependent on the

443 other model parameter. This indicates the need of multiple

444 parameter optimisation. The results shown here from this

445 three parameter as well as those of the single parameter

446 optimisation by the index based objective function F,

447 together with the choice of indices made for this test

448 application, yield hyperdiffusion timescales not signifi-

449 cantly different from the standard value of 6 h. Also, the

450 minima found are insignificant over a wide parameter

451 range. This might be overcome by an additional index

452 measuring the slope of a log–log kinetic energy spectrum

453 with respect to total wavenumber, since the hyperdiffusion

454 essentially parameterises the energy and enstrophy cas-

455 cades, in particular the interaction of nonresolved subgrid

456 scale dynamics with the explicitly simulated large scale

457 dynamics.

458 3.2 Entropy production and kinetic energy dissipation

459 To evaluate the suitability of the entropy production g and

460 the kinetic energy dissipation Dkin as alternative objective

461 functions for model parameter tuning independent of

462 external information (choice of indices, metric weights,

463 reference state), the response of these quantities to changes

464 of the six model parameters is also investigated. The results

465are shown in Fig. 3 and some details are listed in Table 2.

466The response to those parameters setting up the geometri-

467cal form of the forcing field, (DTR)EP and L, is

468characteristically different to the response to those associ-

469ated with the timescales sH
* , sF, sD and a. Whereas variation

470of (DTR)EP and L, related to the external forcing of the

471general circulation (external parameters), leads to mono-

472tonic behaviour of g and Dkin, by variation of sH
* , sF, sD and

473a, related to internal processes like heat and momentum

474fluxes (internal parameters), maxima of g and Dkin are

475attained at certain parameter values Pmax, except for the

476kinetic energy dissipation as a function of the timescale of

477the hyperdiffusion sD.

478The response of g and Dkin to changes of external and

479internal parameters can be understood as follows. The

480external parameters set the forcing that drives the whole

481system, that is, larger values of (DTR)EP and L lead to

482greater horizontal and vertical temperature gradients,

483respectively, which, in turn, lead to stronger equator-to-

484pole and vertical heat fluxes by more effective mid-latitude

485baroclinic eddies and zonal mean meridional circulation.

486This is directly associated with increased entropy produc-

487tion and kinetic energy dissipation. Variation of internal

488parameters, on the other hand, leads to changes of the

489efficiency of the atmospheric heat engine. Strong surface

490friction (small sF) largely suppresses any circulation, in

491particular, mid-latitude baroclinic systems, reducing

492atmospheric heat transport, entropy production and kinetic

493energy dissipation. Weak surface friction makes the cir-

494culation less baroclinic, which is then dominated by the

495barotropic governer and heat transport is again little

496effective (Kleidon et al. 2003). Thus, in between these

497extremes a maximum of g, and also Dkin, must exist.

498Similar arguments hold for the diabatic heating. Strong

499heating (small sH
* or a) suppresses zonal eddy structures

500and vertical motion, reducing heat transport and dissipa-

501tion. Weak heating leads to weak temperature gradients,

502and thus, heat transport is ineffective and little kinetic

503energy is dissipated. A maximum is attained at interme-

504diate heating rates.

505The hyperdiffusion timescale, however, is the only

506internal parameter with a characteristically different

507behaviour of g and Dkin, respectively. Variation of the other

508model parameters leads to qualitatively similar behaviour

509of these two quantities, since the corresponding changes of

510entropy production are mainly due to changes of the large

511scale heat transport by the explicitly simulated circulation,

512which is dominated by the mid-latitude baroclinic eddies,

513and therefore also induce changes of the kinetic energy

514dissipation in terms of the Lorenz energy cycle (9).

515Strongly increasing the horizontal diffusivity (decreasing

516sD) reduces the amplitude and thereby the efficiency of the

517large scale eddies, and thus the associated heat transport

 10

 100

 0.1

 0.5

1

2

3

4

F

τH* [d]

α

Fig. 2 Two parameter optimisation: Index based objective function F

as function of the timescale of diabatic heating sH
* and the factor for

boundary layer diabatic heating a
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518 and entropy production as well as the kinetic energy dis-

519 sipation. Decreasing the horizontal diffusivity (increasing

520 sD), on the other hand, essentially reduces the entropy

521 production by subgrid scale mixing parameterised by the

522 hyperdiffuion, but does not affect the large scale circula-

523 tion pattern above some value of sD, leading to a maximum

524 of g at intermediate values of horizontal diffusivity, but

525 monotonically increasing and saturating Dkin for increasing

526 sD.

527 In Table 2 the Pmax are compared to the Pmin where F

528 attains its minima, and to Pstandard. Most of the standard

529 parameter values and those found by minimisation of F are

530 not significantly different from the Pmax, in the sense that

531 they fall into the parameter range given by g and Dkin,

532 respectively, together with the corresponding year-to-year

533 standard deviation (see Fig. 3). These parameters found by

534 the index based objective function can, therefore, be

535 interpreted as being consistent with the entropy maximi-

536 sation principle. Only the frictional timescale sF maximises

537 the entropy production and kinetic energy dissipation at

538 values significantly different from Pstandard and Pmin (at

539 Pmax = 2.2 days). This result suggests that the standard

540 value of sF = 1 days should be slightly increased, at least in

541the context of this single parameter variation, and, more-

542over, it demonstrates that any model tuning to externally

543prescribed circulation features (e.g. minimisation of F) can

544lead to parameter configurations, which are inconsistent

545with the underlying physics, here, with the entropy

546maximisation principle. For other model setups sF may

547maximise g and Dkin at values closer to its standard value.

548For comparison, in the Held and Suarez (1994) scheme for

549the frictional timescale, sF is set to 1.5 days at r = 0.9,

550used for dynamical core models similar to PUMA. Finally,

551it should be noted that in the PUMA model the frictional

552dissipation of kinetic energy is not taken into account by

553the thermodynamic equation, which is, however, strongly

554related to the entropy budget.

555In the context of g and Dkin as stand alone objective

556functions, reasonable parameter values are found for the

557frictional and heating timescales, though the entropy pro-

558duction maximum with respect to sD is only weakly

559pronounced. This suggests that g and Dkin are also valuable

560as objective functions for the optimisation of internal

561model parameters. Nevertheless, a detailed inspection of

562the results is an important step when using this method, as

563it is the case for the method based on minimisation of F. It
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564 is noteworthy the smaller standard deviation and, hence,

565 the higher significance of the maxima of Dkin compared to

566 g, making Dkin the more favourable objective function.

567 4 Summary and conclusions

568 Two kinds of objective functions for parameter optimisa-

569 tion in SGCMs are introduced and successfully tested with

570 the primitive equation model PUMA. First, an objective

571 function based on a small set of circulation indices is

572 defined. For the test case presented in this study these

573 indices characterise the zonal mean primary and secondary

574 circulation and the global energetics in terms of the Lorenz

575 energy cycle. On the state space spanned by these indices, a

576 metric is defined and thus the parameter optimisation

577 reduces to a minimisation of the distance between the

578 modelled and a reference state, which is chosen as that of

579 the observed general circulation. The examples of single,

580 two and three parameter optimisation yield optimum

581 parameter values close to that of the model’s standard

582 configurations. Also the value of the timescale of the hy-

583 perdiffusion does not significantly differ from its standard

584 value. Nevertheless, for this parameter multiple not signif-

585 icantly different minima are obtained, at values being

586 shorter as well as longer than the standard parameter value,

587 and over a relatively wide parameter range, which, how-

588 ever, appears to reduce for multiple parameter optimisation.

589 An improvement of a single parameter optimisation of this

590 parameter might be achieved by including an additional

591 index in the set of circulation indices, which characterises

592 the slope of the kinetic energy spectrum at large total

593 wavenumbers. This clearly demonstrates the limitations of

594 this method and the importance of a suitable choice of

595 indices, according to the nature of parameters to be tuned.

596 Second, the global and time mean entropy production

597 and kinetic energy dissipation as additional objective

598 functions are calculated, motivated by the selection prin-

599 ciple of maximum entropy production of non-equilibrium

600 stationary states of open systems (e.g. Dewar 2003). Since

601 by this principle the state of maximum entropy production

602 is selected under the given boundary conditions, variation

603 of external parameters, which set up the external forcing of

604 the model and, therefore, the boundary conditions, leads to

605 a monotonic increase of the these two quantities and an

606 optimisation is not possible. Variation of internal parame-

607 ters associated with internal processes such as heat and

608 momentum fluxes, on the other hand, leads to maxima at

609 certain parameter values, which appear to be close to the

610 optimum values obtained from the index based objective

611 function and to the standard values. Therefore, the optimal

612 parameter values found by the index based method are

613 consistent with the entropy maximisation principle. Only

614for the single parameter optimisation of the frictional

615timescale the entropy maximisation method suggests a

616slightly greater value compared to its standard value as

617well as that obtained by the minimisation method. This

618demonstrates one advantage of the combined use of both

619methods, since the parameters found by the index based

620method, that is, the tuning towards externally prescribed

621circulation features, may lead to a circulation state incon-

622sistent with the underlying physics in terms of the entropy

623maximisation principle. More generally, with the index

624based method the model can be tuned towards any circu-

625lation state that is impossible to realise in the particular

626model, leading to unplausible parameter configurations.

627Finally, optimisation of the timescale of the hyperdiffusion

628by the entropy method does not give significant results

629since the entropy production maximum is not significant

630and the kinetic energy dissipation behaves characteristi-

631cally different in that it does not maximise at an

632intermediate parameter value. It is also important to note

633that the numerical scheme used in the PUMA model as

634well as in many other state-of-the-art SGCMs introduces

635errors to the entropy budget of the atmosphere. Specifi-

636cally, conservation of entropy following the adiabatic part

637of the dynamics is not strictly fulfilled by the numerics, as

638discussed by Woollings and Thuburn (2006), who inves-

639tigate the various sources of entropy in an SGCM very

640similar to PUMA.

641The advantages of the index based objective function

642can be summarised as follows. First, application of this

643method is not restricted to internal parameters; second, the

644characteristics of the circulation to be tuned can be deter-

645mined externally by an appropriate choice of indices; and

646third, the aim of the optimisation can be set manually by

647specification of a suitable reference state of circulation. At

648the same time, this external information represents a lim-

649itation of this method, since the parameter configuration

650found does not need to result in any physically meaningful

651circulation state. The entropy production and kinetic

652energy dissipation as alternative objective functions, on the

653other hand, are independent of any external information

654and, therefore, are more objective for tuning the model

655towards a realistic circulation, using a thermodynamic

656principle inherent to the system (presumed the applicability

657of MEP to the climate). However, these maximisation

658methods are restricted to internal model parameters. Thus,

659combined use of both methods is advantageous, in the

660sense that the entropy maximisation based methods are

661used to check consistency of any parameter configuration

662with the entropy maximisation principle, and the index

663based method is used, in particular, to find new parameter

664configurations including external parameters.

665There are many possible further applications of the

666methods introduced here. These include optimisation of
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667 additional external model parameters, for example, when

668 extending the model to the stratosphere to investigate

669 basic mechanisms of stratosphere troposphere dynamical

670 coupling, as it is actually done with the PUMA model.

671 This is associated with parameters setting up the strength

672 and size of the stratospheric winter time polar vortex, the

673 upper boundary conditions and others. Furthermore,

674 SGCMs are useful tools for testing different approaches of

675 stochastic parameterisation, as, for example, the study by

676 Seiffert et al. (2006), also using PUMA. In this context,

677 noise parameters such as its amplitude and spatial and

678 temporal correlations enter the model as new parameters,

679 which need to be tuned. In these cases the proposed

680 optimisation methods can be used to look at the new

681 model parameters from different perspectives. But also

682 parameter tuning in intermediate-complexity SGCMs is a

683 further possible application of these optimisation methods.

684 The Planet Simulator (Fraedrich et al. 2005a), which is

685 based on the dynamical core of the PUMA but includes

686 many additional parameterisations of, e.g. radiation,

687 clouds, convection, precipitation, vegetation, sea-ice, etc.

688 is frequently used for different process studies of the

689 climate system and is still under development. To this end

690 the proposed methods support the modeller in further

691 development. Finally we note that with respect to the

692 optimisation technique, different methods may be applied

693 such as, for example, the downhill simplex method or

694 genetic algorithms.
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699 5 Appendix

700 The zonal mean meridional mass streamfunction w is

701 defined by (Peixoto and Oort 1992):

�v½ � ¼ g

2pa cos/

ow

op
ð10Þ

703703

�x½ � ¼ � g

2pa2 cos/

ow

o/
; ð11Þ

705705 with w = 0 at p = 0, and where �v½ � and �x½ � denote the time

706 and zonal mean meridional and vertical velocity compo-

707 nents, respectively, a the Earth’s radius, g the gravitational

708 acceleration, / is latitude and p pressure.

709 The energy conversions of the Lorenz energy cycle as

710 outlined by Ulbrich and Speth (1991) and Arpe et al.

711 (1986) are given by:

hAZ ! AEi ¼ � c

g
½v�T�� 1

a

o½T�
o/

þ ½x�T��
�

� o

op
ð½T � � fTgÞ � R

cpp
ð½T � � fTgÞ

� ��

ð12Þ

713713

hAE ! KEi ¼ �½x�T�
v �

R

gp
ð13Þ

715715

hKE!KZi¼ 1

g
½u�v��1

a

o½u�
o/

þ½u�v��½u� tan/
a

þ½v�v��1
a

o½v�
o/

�

�½u�u��½v� tan/
a

þ½x�u��o½u�
op

þ½x�v��o½v�
op

�

ð14Þ

717717

hAZ ! KZi ¼ �ð½x� � fxgÞð½Tv� � fTvgÞ
R

gp
ð15Þ

719719with virtual temperature Tv, specific heat capacity at

720constant pressure cp, gas constant of dry air R, zonal

721wind u, zonal mean [], deviation from zonal mean * (eddy

722part), global horizontal mean {} and the stability parameter

c ¼ �R

p

o½T �
op

� R

cp

½T �
p

� ��1

: ð16Þ

724724

725References

726Arpe K, Brankovic C, Oriol E, Speth P (1986) Variability in time and
727space of energetics from a long series of atmospheric data
728produced by ECMWF. Contrib Atmos Phys 59:321–355
729Blessing S, Fraedrich K, Lunkeit F (2004) Climate diagnostics by
730adjoint modelling: a feasibility study. In: Fischer H, Kumke T,
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