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Abstract. We present a new set of statistical-dynamical mid-latitudes, synoptic eddies carry out the bulk of the pole-
equations (SDEs) which can accurately reproduce the threeward atmospheric heat-transport and contain roughly half of
dimensional atmospheric fields of synoptic scale kinetic en-the total kinetic energy in the atmosphetea and Oort
ergy and momentum flux. The set of equations is closedl982 Barry et al, 2002. The interaction between ensem-
by finding proper parameterizations for the vertical macro-bles of synoptic eddies and the basic flow plays a crucial
turbulent diffusion coefficient and ageostrophic terms. Therole in the stability of the latter and is thus of paramount
equations have been implemented in a new SD atmosphetienportance for the overall structure of atmospheric circula-
model, named\eolus We show that the synoptic scale ki- tion (Charney 1947 Eady, 1949 Held and Hoskins1985

netic energy and momentum fluxes generated by the moddHeld, 1999. Furthermore, in regions of high synoptic activ-
are in good agreement with empirical data, which were de-ty, exchange of momentum between atmospheric eddies and
rived from bandpass-filtered ERA-40 data. In addition to the oceanic mixed layer notably contributes to the intensity
present-day climate, the model is tested for substantiallyof oceanic flow, thereby directly affecting the thermohaline
colder (last glacial maximum) and warmerx€Q,) cli- circulation Vhite et al, 1980 Alexander 1992ab; Weaver
mates, and shown to be in agreement with general circulaet al, 1999. Storm tracks thus have a critical role in both the
tion model (GCM) results. With the derived equations, oneatmosphere and the climate system as a whole, and changes
can efficiently study the position and strength of storm tracksin them are hence likely to play an important role in shaping
under different climate scenarios with calculation time a frac-future climate changeSvanson2007).

tion of those of GCMs. This work prepares ground for the de-  The current availability of high resolution atmospheric
velopment of a new generation of fast Earth System Modelsjata-sets over several decades, like ERAUPp@la et al.

of Intermediate Complexity which are able to perform multi- 200§ and NCEP-NCARKistler et al, 2001), allows quan-
millennia simulations in a reasonable time frame while ap-tification of the synoptic scale field in terms of its kinetic
propriately accounting for the climatic effect of storm tracks. energy and heat, moisture and momentum fluRestqukhov

et al, 2008. Blackmon(1976 andBlackmon et al(1977)
showed that 2—7 days time filtering of meteorological data-
sets isolates the transient eddies with spatial scales of the
order ~1000 km, allowing to quantify storm tracks. This

Transient atmospheric eddies play a crucial role in formingand other early classical studiesa( et al, 1978 Oort,

the Earth’s climatic state and hence require accurate repl983 identified the two northern hemispheric regions of ma-
resentation in climate models. The high and low pressurdOr synoptic activity, in the vicinity of the east coasts of
systems associated with individual eddies comprise mucihe North American and Eurasian continents at about 40—
of the day-to-day weather variability and their ensemble-50° N. In these regions, sharp horizontal gradients of large
average form the so-called atmospheric storm-tracks in thécale temperature and wind-speed are observed, and hence

mid-latitudes Blackmon 1976 Chang et al.2002h. Inthe ~ both strong baroclinic and barotropic transient eddy forc-
ing are generally thought to fuel mid-latitude storm tracks

(Pedlosky1979. Several decades of observations since then
Correspondence td. Coumou have provided a consistent picture of synoptic scale activity,
BY (coumou@pik-potsdam.de) quantified the seasonal variability and revealed variability on
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interannual (e.g. due to El Ro; Alexander 1992ab) and flow was soon acknowledgetlighaus 198Q Fredericksen
decadal timescale€hang et al.2002ha) 1983 Robertson and Met4.990).

State-of-the-art atmospheric general circulation models An alternative to the diffusive models is provided by baro-
(AGCMs) explicitly solve for synoptic scale eddies and their clinic adjustment models, which postulate an equilibrium
monthly averages can reasonably well reproduce the climatéetween baroclinic wave forcing and the large scale atmo-
statistics of the real atmospherBefxoto and Oort1984 spheric temperature fiel&{one 1978 Cehelsky and Tung
Roeckner et al.1996 Laine et al, 2009. To explicitly re- 199)). Farrell and loanno{1996ab) were the first to de-
solve the eddies, AGCMs require a high resolution in spacevelop linear stochastic models, which parameterize the en-
and time and hence need ample computational time. Thergy and momentum transfer, associated with nonlinearity of
fact that AGCMs are able to reproduce key atmospheric feasynoptic eddies, as a combination of stochastic excitation and
tures like the mid-latitude storm tracks by solving the prin- enhanced damping. Using such moddiayrell and loan-
ciple equations makes them essential tools in studying théou (1996ab) showed that synoptic eddies can develop on
Earth’s climate. Still, substantial structural differences maya baroclinically stable mean flow. Their approach, which
exist between observed and AGCM-simulated patterns of theised idealized zonally symmetric flows, was extended by
synoptic scale activity (e.g. their kinetic energy) for extendedWhitaker and Sardeshmukh998 to zonally varying back-
atmospheric domains notably in the North Pacific and in theground flows with prescribed Gaussian white noise excitation
upper troposphereéRpbinson and Blagk2009. Also, dueto  and linear damping. Applying the same meth@bdang and
their computational expense, both the number of simulationdHeld (1999 performed a case study of the so-called “mid-
and the simulated time period are limited. winter suppression” of the Pacific storm tradkakamura

In contrast to the AGCMs, statistical-dynamical atmo- 1992, and DelSole(2001) made an attempt to specify the
spheric models (SDAMSs) are based on time-averaged equastatistics of the stochastic forcing as a function of the back-
tions in which the effects of transient eddies are parameground flow and low-level eddy heat flux.
terized in terms of the large scale fiel§altzman 1978 The goal of this study is to derive a set of statistical-
Peixoto and Oort1984. These models directly resolve dynamical equations which properly capture the synoptic
the ensemble-averaged synoptic eddy characteristics (segreld for climates not too different from present day, i.e. typ-
ond and higher order moments) rather than calculating thecally from the last glacial maximum (LGM) to a doubled
contribution of each individual storm. The essential differ- CO,-concentration climate (2CQ,). This is part of our ef-
ence with AGCMs is thus the point of truncation in the fre- fort to develop an Earth System Model of Intermediate Com-
quency spectrum of atmospheric motidda({tzman 1978. plexity (EMIC) which can be used to do long-term simula-
This different approach allows much coarser spatial and temtions within this climatic range. Starting from early work by
poral discretizations, making SDAMs computationally effi- Lau(1979 andLau et al (1978, we derive a set of equations
cient and allowing climate simulations up to multi-millennia for the kinetic energy and momentum flux due to transient
timescales Kubatzki et al, 200Q Bauer et al.2004. For  synoptic eddies as well as parameterizations for the vertical
this reason, several of the Earth System Models of Intermesynoptic and ageostrophic terms. This set of equations is im-
diate Complexity (EMICs)Claussen et 812002 Petoukhov  plemented in a newly developed SDAM nam&eolus We
et al, 2009, including Climber-2 Petoukhov et a.2000  compare synoptic fields generated Agoluswith those of
Ganopolski et a).2001), IAP RAS (Petoukhov et al.1998 reanalysis and GCMs for present-day, LGM and@0; cli-
Mokhov et al, 2002 Eliseev et al.2008, MIT (Prinnetal,  mates, and show that they are in good agreement.

1999 Kamenkovich et a).2002 and UVic (Weaver et al.
2001, use statistical-dynamical atmosphere modules.

A major challenge in developing SDAMs is to derive use- 2  Governing equations
ful parameterizations for the synoptic scale moments appear-
ing in the equations3altzman1978. Traditionally, the most ~ We start from the principle equation governing atmospheric
common way to achieve this has been by means of a diffusiveelocity (V = {u,v,w}) in the hydrostatic approximation
approximation for the second order momer@sden 197Q (Lorenz 1967, as given by Eq.A3) in Appendix A. A key
Branscome 1983 Pavan and Held1996 Handorf et al. assumption of our approach is that we can splinto a
1999 Barry et al, 2009. Early diffusive models described large-scale long-term{V)) and a synoptic scalé/{) com-
synoptic scale moments only in zonally averaged form, as gonent such tha = (V) + V' = {(u), (v), (w)}+{u',v',w’}.
function of the gradients of zonal win&farr, 1968, tem- As our focus is on parameterizing the synoptic scale field, for
perature Villiams and Davis 1965, or the combination of the remainder of this article we assume the large scale field
them Green 197Q Stone 19723b; Branscome1983 and  to be known. Though in a 1-D atmospheric power spectrum
thus lacked geographical variation. However, based on obf{i.e. as function of period or wavelength only) maxima from
servational data and primitive-equation model resitack- long-term ¢-30 days period) and synoptic-scale (2—6 days
mon et al, 1977, Gall, 1976ab; Schneider1981), the impor-  period) fields are not well separatédaq der Hoven1957%
tance of longitudinal variations in the climatological zonal Oort and Tayloy1969 Vinnichenkq 197Q Mitchell, 1979,
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Fig. 1. Band-pass filtered ERA-40 data of terms capturing exchange of kinetic energy between eddies and the large scalfww)in m
arising from(a) zonal,(b) meridional andc) vertical shear of the large scale wind field at 500 mb for January. Note the different s@ale in

in 2-D spectra (versus both period and wavelength) the gap ishe exchange of kinetic energy and momentum flux between
more pronouncedfaedrich and Bttger, 1978. Even more,  eddies and the “basic” flow, due to its horizontal and verti-
in a 3-D power spectrum, with phase velocity as a third di- cal shear.Lau et al.(1978 neglect the vertical components
mension, the long-term field and the field of transient syn-of these flux terms based on the assumption tinat’) and
optic scale eddies form distinct and well-separated maximav’w’) are of the same order. This assumption, however was
(Petoukhoy 1992, Petoukhov et al.1998 2003, indicat- never supported by empirical observations. In fact, the con-
ing that they are governed by different physical processestinuity equation in combination with the quasi-geostrophic
Therefore, splittingV into a large-scale and synoptic com- character of the transient synoptic eddies implies that the
ponent and parameterizing the ensemble characteristics aforrelation between’ andw’ is generally much higher than
the synoptic scale eddies in terms of the long-term field isthat between:’ andw’. This results in particular in much
principally allowed. By applying the appropriate averaging higher correlations betwee(m’w’) and 5= a ! as compared to

procedures, we can derive statistical-dynamical equations fofyose betweeru’w’) and u)_ F|gure1 plots fluxes aris-
the averaged kmetlc energy of transient eddigg defined  ing from zonal, meridional and vertical shear in the large
as(Ep) = 3((u?) + (v'?)) (see Appendix A for a full deriva-  scale wind field, which enter the right hand side of EL), (
tion): calculated from band-pass filtered ERA-40 daatpukhov
3(E!) et al, 2008. This figure shows that zonal and meridional
KL — (V) V(EL) — ' V') -V(u)— (V'V')-V(v) flux terms tend to have an opposite sign reducing their com-
ot , , , 1) bined magnitude, most notably in the North Atlantic region.
+ K An(E) + Ktz Az (Ey) — Kis(Ey) Further, it shows that the vertical flux terms are in fact of
+f((u’vgg) — (v’u;g)) the same order as the horizontal ones. We thus emphasize,

_ , based upon theoretical and observational considerations, that
and the momentum flux by transient eddies’) (see also e vertical flux terms should not be neglected. Motivated

Lau, 1978: by Williams and Davig1965, we describe their sum as (see
A u'v') ., e o Eq.A7):
o1 =—(V)-Vuv)— V) V) - V)- Vi)
+ KA+ KA ') — Ks@'v) @
. _ /.7

+ I (Wtag ~ ey NI
Here, K, and Ky, are internal atmospheric small/meso-scale w'w) 9z (w) 9z
friction coefficients in the horizontal and vertical direction )\ 2 () \2 (3)
respectively, Kts is the surface friction coefficientf the Ksyn ( ) <—>

. T . 0z 0z

Coriolis parameter and subscript “ag” denotes ageostrophic

terms. In Egs.Y) and @) (equivalent to EqsA43 andA44

in Appendix A), third order moments as well as the met-

ric terms have been neglected. The fourth till sixth terms

on the right hand side of Egsl)(and @) are friction terms  where Ksyn is the vertical macro-turbulent diffusion co-
whereas the first describes advection by large-scale, longefficient Williams and Davis 1965. We assume equi-
term wind. In Eq. {), the second and third term on the partitioning of this vertical (baroclinic) flux term between the
righthand side capture fluxes coming from horizontal andzonal and meridional kinetic energy components, allowing us
vertical shears in the large scale flow. These thus capturéo split prognostic Eq. (1) into two separate ones(féf) and
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(v'2): (v/v;g) - (u/u/ag)), resulting in 4 Eqs.4)—(7) and 4 unknowns
” (W'?), (v3), (W'v') and(v/w’)). We assume internal friction
0(u”) =—(V).V{u'? - 2(,#)@ — 2<u/v/)M coefficients K, Ks,) to be constant. Appendix A describes
ot dx dy in detail the derivation of parameterizations for ageostrophic
X dw)\2 [ (v)\? terms (EqsA45-A34) andKsyn (Eq. A11).
oy (aT) +(8_z> (4)
+ KinAn(u'?) + Krz A (u'?) — Kt (u') 3 Results
+f(<“/“ég>_<”/“ég>> 3.1 Present-day climate
- Equqtions -, .and all parameterizations needed (Ap-
(v :—(V}-V(v/z)—Z(v/z)M—2(u/v/>w pendix A), were implemented in the SDAMeolus and
ot ay ox numerically solved on a regular 376 3.75-grid consist-
3 (1) 2 3(v) 2 ing of 5 pressure levels (850 mb, 700 mb, 500 mb, 400 mb
+ Ksyn <a—z> (8_z> (5) and 300 mb), for each calendar month. Monthly averages
' of large-scale long-term wind field and surface tempera-
+ KihnAn(v?) + K1z A, (V') — Kts(v'?) ture, which enters the equation for the Rossby length scale
, ., (Eq. A12), were taken from the ERA-40 reanalysis dataset
+f(<“ Vag) — (v “ag>> for 1976-2002 Uppala et al.200§. We compared the cal-

. Lo culated numerical solutions for the synoptic scale param-
Observational data indicates that cross-terms between the%qers against empirical data, which were obtained by 2—

two prognostic equations are generally small and only be+ qay handpass filtering of 6-hourly ERA-40 windfield data
come important when the eddy kinetic energy is small, I8 (Petoukhov et a.2008. Two different numerical experi-

in near-equatorial regions. Here we aim at parameterizationg,ants were performed. First, an “uncoupled” test exper-

which hold in the mid-latitudes, where the cross-terms Caniment, in which the synoptic scale terms appearing in the

be neglected. In doing so we follow earlier work Bady \jont hand side of Eqs.4j~(7) were taken from empirical
(1949 andKurihara(1970. The same considerations imply data. Second, a “coupled” experiment, in which the right-
that the vert%c(gl fluxes ir},<5q21 should be approximately 514 side synoptic moments were calculated using Bjs. (
equal {u'w’) %z ~ (v'w’) 557), and hence the flux mainte- (7) as well. Thus, in the uncoupled experiment, each of the
nance equation can be reduced to: synoptic moments((’2), (v'2), (u'v') and (v'w')) is calcu-

3 (u'v') 3(v) lated for prescribed large-scale wind fielg X and (v)) and

=—(V)- V@'V — W? prescribed other synoptic moments. In the coupled exper-

ot by Bw) dx 8(u) iment only large-scale wind is prescribed and the synoptic
— W' (_+_> _ (U/Z)_ moments are calculated interactively. Time-integration of
dx dy dy Egs. @)—(6) is achieved by means of finite volume and finite
_ 2<U/w/)M K An (') (6) difference methods, whereby initially the prognostic variable
9z is zero everywhere. Tabl2 provides values for all con-
+ Kz AL (u'v') — Kis(u'v') stants appearing in the equations as used in both experiments.
, ., We present “coupled” solutions for synoptic scale kinetic en-
+f<<v Vag) — (u ”ag>) ergy and “coupled” and “uncoupled” solution for momentum

_ b _ transport(u’v’) and (v'w’). Note that the terms involving
We can expresgv'w’) in terms of (v'9) using the continu- (/') in the right hand side of Eqs4(and 6) are an order
ity equation and assuming a quasi-geostrophic character aif magnitude smaller than other terms and hence “coupled”

synoptic-scale motion: and “uncoupled” solutions fofE;) are essentially the same.
COosp —a(z— 2
(Vw') = asin¢y(l+C’Z/H°)ZeZ/Ho v@zs) (/) 7 Figure 2 compares empirical data verségolusresults

for the synoptic scale kinetic energ¥)() at three different
with zgt as the “steering” level Ghan and Gray1982 pressure levels for Northern-Hemisphere winters. In gen-
for synoptic scale eddiesty the air density scale height eral, the areas of high synoptic activity are accurately cap-
and y(1+¢,z/Hop) the lower incomplete gamma-function tured, both geographically as well as their vertical varia-
(Abramowitz and Stegyri964. tion. In the Northern Hemisphere, the location of the key
To close the set of Eqs4)—(7), we derive suitable param- storm track regions in the Atlantic and Pacific oceans at
eterizations for the vertical macro-turbulent diffusion coef- about 40 N are well resolved. The amplitude of the Pacific
ficient (Ksyn) and ageostrophic termsu(v,y — (v'uzy and  one is somewhat overestimated, whereas the amplitude is

Nonlin. Processes Geophys., 18, 8824 2011 www.nonlin-processes-geophys.net/18/807/2011/
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Table 1. Description of used variables.

Symbol  Unit Dimensions  Description Value
(u) msI i¢.z Zonal wind ERA-40/GCM
(v) ms1 ¢,z Meridional wind ERA-40/GCM
(w) ms1  i¢.z Vertical velocity ERA-40/GCM
(Ts) °C ) Surface Temperature ERA-40/GCM
(Ep) m2s2 )¢,z Kinetic energy of synoptic transients Eq) (
W'?) m2s2 )¢,z Zonal kinetic energy of synoptic transients Ed) (
(v'?) m2s2 )¢z Meridional kinetic energy of synoptic transients E8) (
vy  m?s2 A ¢,z Momentum flux by synoptic transients E6) (
Ww'y mis2 iz correlation between’ andw’ Eq. B)
Ww)  ms2 A,z correlation between’ andw’ Eq. @)
Ksyn m2s2 )¢,z vertical synoptic eddy viscosity coefficient Ed11)
LRro m AQ synoptic eddy internal Rossby radius EALR)
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Fig. 2. Band-pass filtered ERA-40 data @) 850 mb, (b) 500 mb andc) 300 mb of(El’() (in m? s=2) for December-January-February.
(d—f) show the results fromeolus(Eq. 1) solutions at same pressure levels.

underestimated above southern Europe. In the model, synopvind field data used as input is likely less accurate in near-
tic activity is more confined to the mid-latitudinal storm track Antarctic regions. Figur@ plots kinetic energy results for
regions, whereas in observations it is more diffused with aboreal summer. The model correctly predicts much lower
broader latitudinal extend. In the Southern Hemisphere, thestorm activity in the northern Atlantic and Pacific regions

elongated storm track region between &and 60 S is well

compared to wintertime activity. Also the geographical and

represented. Both the local minimum at the southern tip ofvertical distributions of E, )-model results are in reasonable
South America (due to the influence of the Andes) and theagreement with empirical data. In the Southern Hemisphere
area of maximum activity stretching from the region south of the zonally averaged¥, ) results are in good agreement with
Africa till the south-western tip of Australia are reasonably ERA-40 (Fig.4b). However, synoptic activity in the model

resolved. At low altitude, the model overestimatgs), with

is much more confined to a region stretching from southern

the highest values at 850 mb nearly double those in the ERAAfrica to southern Australia, whereas in the observations ac-
40 data. A reason for this could be the presence of Antarctidivity is circum-global.

slope winds which could reduce synoptic activity but which _ ) o
are not captured by our model. However, also the large-scale !N Fig. 4, the zonally and vertically averaged meridional

www.nonlin-processes-geophys.net/18/807/2011/

distribution of (E;) are shown for Northern-Hemisphere
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Fig. 3. Band-pass filtered ERA-40 data(a) 850 mb,(b) 500 mb andc) 300 mb of(El’() (in m? 3*2) for June-July-August({d—f) show the
results fromAeolus(Eq. 1) at same pressure levels.
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Fig. 4. Zonally and vertically averaged kinetic energ, ) (a, b), (v'w’) (c, d) and (u’v") (e, ), all in m? s~2, for December-January-
February(a, c, e)and June-July-Augugb, d, f) averages, plotting ERA-40 (solid), “coupled” (dotted) and “uncoupled” (dashed) numerical
solutions.
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od
L
5

Fig. 5. Band-pass filtered ERA-40 data (@) 850 mb,(b) 500 mb andc) 300 mb of (u'v’) (in m?2 3—2) for December-January-February.
(d—f) show results of “uncoupled” an@—i) “coupled” experiments usingeolus(Eg. 2) at same pressure levels.

winters (Fig.4a) and summers (Figlb). The location and observed in the “coupled” experiment. Shown in Fig.and
amplitude of the mid-latitude storm regions are well re- f, the zonally and vertically averaged solutions(efv’) are
solved, as well as the low-energetic near-equatorial regionsin good agreement with those from observations.

Only in the near-polar region=(70°), the model tends to un- Finally, Figs.7 and 8 compare “coupled” and “uncou-
derpredict the synoptic scale kinetic energy. Figdeeand  pled” model results ofv’'w’) with bandpass filtered results,

f plots zonal-mear{u’v’) in boreal winter- and summer re- respectively for Northern Hemisphere winter- and summer-
spectively, showing that both the “uncoupled” and “coupled” time. For both periods, the model accurately captures lo-
numerical solutions of Eq.6] are in good agreement with cation, magnitude and vertical variation afw’). “Cou-
observations. Also geographically, the fit between observegled” results show a narrower band of activity in the North-
and model-generate@’v’) is reasonable, for both “uncou- ern Hemisphere compared to observations, which is a direct
pled” and “coupled” experiments (FigS.and6). The main  consequence of the same model behavid#f (Fig. 2). In
high-amplitude regions, associated with storm track regionsthe “uncoupled” experiments this effect is less pronounced.
are well captured geographically and also their vertical in-Nevertheless, zonal averages (Hg.and d), geographical
crease is in agreement with empirical data. Again the modekpreading and seasonality of w’) are in good agreement
generally produce&:/v’) patterns which have a less diffusive with ERA-40 data for both “coupled” and “uncoupled” ex-
character than those observed. The amplitude and meridgeriments.

ional extend of the Southern Hemisphere storm track region

are correctly resolved in both the “uncoupled” and the “cou-3-2 Other climates

pled” model. In the Northern Hemisphere, results are gener- . .
ally similarly good, though the “coupled” results predict too In t_he, previous _sectlon, we ShOW?d f[hat the presented
low (u’v') over central Europe in wintertime (Figf). In the statistical-dynamical equations for kinetic energy and mo-

“uncoupled” experiment, over some regions at high altitude,g??ntumlﬂu};g.‘;’.rform wteII tugdtir prssEnt—.day climate con(;
a sign inversion is observed: i.e. south-east of Australia in fions. 'n adcition, we tesiec their behavior In warmer an

JJA (Fig.6b) and Central Asia in DJF (Figb). This is not colder climates and compared results against state-of-the-art
' ' atmospheric general circulation models (GCMSs).

www.nonlin-processes-geophys.net/18/807/2011/ Nonlin. Processes Geophys., 82782011
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Fig. 6. Band-pass filtered ERA-40 data (@) 850 mb,(b) 500 mb andc) 300 mb of(u'v’) (in m?s 2) for June-July-August(d—f) show
results of “uncoupled” an(g—i) “coupled” experiments usingeolus(Eq. 2) at same pressure levels.

As a case-study for warmer climate, we used the IPCCover extended regions, most notably in the Northern Hemi-
(Intergovernmental Panel on Climate Change)CD;, equi-  sphere. The zonally averaged solutionA@folusfits reason-
librium experiment PCC-4AR 2007, which represents ably well with the GCM solutions (FigPc and f). The loca-

a nearly #C warmer world (yearly-averaged global mean tions of abatement (near #0and intensification (near 8P
near-surface air temperature) in the GCM reference sim-are predicted correctly. The sensitivity, i.e. the magnitude of
ulations used here. On the one hand, we bandpass filabatement or intensification in the<x€O, climate, of Aeo-
tered daily windfield data from the GFDL-CM2.D¢lworth lusseems slightly higher than GFDLs and slightly lower than
etal, 2006 and ECHAMS5/MPI-OM Roeckner et aj2003, ECHAMbS’s sensitivity. These small differences might be
2xCO, equilibrium experiments as well as theix COy caused by differences in the description of the static stability
control runs (all available at http://www-pcmdi.linl.gov) to parameter in the three atmosphere models (seAE). Ge-
extract their synoptic scale kinetic energy. On the other handpgraphically we capture the most prominent features, though
we used the large-scale, long-term wind field (monthly aver-some differences exist. The Southern Hemisphere, where
ages) from the GCM simulations to foréeeolus just as we  zonal variation is limited, is rather well resolved. In the
used ERA-40 large-scale windfield for the present-day cli-Northern Hemisphere, which has much more zonal variation
mate experiment. Figur@a—f shows the results of this ex- and the GCMs differ themselves substantially, the most im-
periment, plotting the synoptic scale kinetic energy anomaly,portant features are captured. For example, the ECHAM5
i.e. the energy in the 2CO;, climate minus the $CO;, cli- simulation shows strong intensification in three mayor re-
mate. gions (above the UK, Canada and the northern Pacific) which
are all present in our results. A notable difference occurs in
the eastern Mediterranean region where the anomaly from
Aeolusforced with GFDL larg-scale wind has an opposite
sign compared to the GFDL anomaly. Note here however,
that also ECHAMS5 predicts an opposite anomaly in this re-
gion as compared to GFDL. We performed an analogous

Generally storm activity shifts polewards with an abate-
ment around 40and an intensification around 8t both
hemispheres. (Fi®c and f). This poleward shift has been
discussed in detail byin (2005 and is more pronounced in
the GFDL simulation than in the ECHAMS one. Geographi-
cally, the two GCMs can differ substantially from each other
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(d—f) show results of “uncoupled” an@-i) “coupled” experiments usingeolus(Eg. 7) at same pressure levels.

Table 2. Description of used constants.

Symbol  Unit Description Value

a m Earth’s radius 8 x 106
Q rads ! Earths angular velocity 3x107°
fo s1 Coriolis parameter at mid-latitude Qax 1074
g ms2 Gravitational acceleration .8

R Jkg 1 K—1  Specific gas constant BTx 107
Hg m Characteristic air density scale height 0%104
Azy m Vertical grid resolution Dx 103
Zst m “Steering altitude” for synoptic scale transients x 503
Kmeso més1 Vertical mesoscale synoptic eddy diffusion coefficient 7
KpaL m2s—1 Characteristic vertical eddy diffusion coefficientinthe PBL .01

Cp - Characteristic drag coefficient B 1073
Ky m2s-1 Horizontal small/mesoscale friction coefficient 0% 10°
K>, m?s-1 Vertical free-atmosphere small-scale friction coefficient 05
TEmin S Minimum Ekman damping time-scale (above Tibetan plateau) 1@

m - Capturing increase in static stability in high troposphere .660

Up ms1 Reference velocity for static stability .G
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Fig. 8. Band-pass filtered ERA-40 data (@ 850 mb,(b) 500 mb andc) 300 mb of (v'w’) (in m?s~2) for June-July-August(d—f) show
results of “uncoupled” an{g—i) “coupled” experiments usingeolus(Eq. 7) at same pressure levels.

experiment for a last glacial maximum (LGM) climate, for These show that the seasonality producedbglusis com-
which we used HadCM3M2Rope et al.2000, LGM and parable to that of the GCMs and ERA-40.

Pre-Industrial simulations from the Paleoclimate Model In-

tercomparison Project (PMIP2) databaSeaconnot et . 3.3  Sensitivity experiments

2007. The results of this experiment (Figg—i) show that

storm activity is reduced substantially in an LGM climate as\yg performed sensitivity experiments to determine the ef-
compared to pre-industrial, which is in agreement with pré-¢ect of changes in the value of parameters on the synoptic
vious studiesl(aine et al, 2009. Aeolusrather accurately  gcaie kinetic energy. The last 8 parameters listed in Table
reproduces the zonally averagedzHadCM3M2 results thoughygrect kinetic energy. The characteristic drag coefficiépt

the small intensification+ 2 mz s ) at~40° Sand~40°N  p55 the equivalent, though opposing, effect as the character-
are not resolved. We associate the observed differences in thg;. eddy diffusion coefficient in the PBLEpgL, as can be
Northern Hemisphere to dynamics associated with the thicksaan from the equation of the cross-isobar anéBéLI. Also
icesheets not captured in out model. Geographiodglus  fricion coefficientsky andK ., together capture the magni-
manages to capture the mostimportant features, though som§qe of internal small-scale friction in the atmosphere. This
differences are observed too, resulting in a fair comparison. i, ;s reduces the total number of free parameters to 6. The

Fina”y’ we Compared the seasonal Cyc|e produceé\@y sensitivity of the eddy kinetic energgE{() to each of these
olus for the three climates, i.e.XICO,, 2xCO, and LGM, parameters is shown in Fig0. This figure plots the change
with those from GCMs and ERA-40. Here, we define the in (Ey) when the value of a parameter is changed froimus
synoptic scale kinetic energy anomaly as the energy in win-10 % toplus10 % of the value given in Tab[ thus covering
ter time (December-January-February averaged) minus tha total parameter range of 20 %.
energy in summer time (June-July-August averaged). Fig- (E;) is most sensitive to changes in static stability param-
ure 9, k and | plots this kinetic energy anomaly in zonally etersm and Ug. If m, which captures the larger static sta-
averaged format for1CO,, 2xCOp and LGM, respectively.  bility high-up in the troposphere, increases, so will the static
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band pass filteredp) Aeolusforced with GFDL large-scale long-term wind fiel@) ECHAMS5 band pass filterede) Aeolusforced with
ECHAMS large-scale long-term wind fieldg) HadCM3 band pass filtere¢h) Aeolusforced with HadCM3 large-scale long-term wind
field. Plots(c), (f) and(i) give the zonal averages of pldis, b) and(d, e)and(g, h), respectively with GCM (solid) anfeolus(dashed).
Plots(j-I): seasonalE;)-anomaly (DJF-JJA) fo() 1xCOp, (k) 2xCO, and(l) LGM climate. In(j) and(k): GFDL (solid), ECHAMS5
(dashed)Aeolus(dotted), in addition ir{j) ERA-40 (dashed-dotted). i) HadCM3 (solid) andAeolus(dashed).

stability, and hencéE, ) will decrease as seen in Figj0. A in the last tends to broaden the storm tracks with a decrease
20 % increase im reduces(Ej) by about 30s=2, or by  in (E}) in their centers and an increase at their periphery.
roughly 50 % of its value. Vice versa, whdy increases, The surface friction parameteg min has a near-linear effect
static stability will decrease and thug) will increase.  on (Ey) with a change irrg min causing a similar magnitude
Gates(1961) argues that static stability increases by roughly change in(Ey). Finally, the vertical eddy diffusion coeffi-

a factor 4 between sea-level and the tropopause. In our pesient in the PBL,Kpg(, and the meso-scale eddy diffusion
rameterizations this is captured ly= 0.66. coefficients have a limited effect diit,).

(E}) i1s much less sensitive to the choice of other param-
eters. Surface friction, viag min, has a stronger effect than
internal meso-scale friction, vi&y and K; 2. An increase
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4 Discussion (1960 estimates the zonal average Ky, to be roughly
70n? s~ at 400 mbar (see Table 6 Bticker(1960) which
We presented and tested a set of statistical-dynamical equas in fair agreement with our estimate of80nfs-1. Sim-
tions which can accurately reproduce the geographical andarly, the values and vertical increase of zonally averaged
vertical distribution of storm tracks, including their season- ('’ given by Stone and Yaq1987 (their Fig. 4) are in
ality. We close the set of equations by finding physically- good agreement with ours outside the near-tropical region.
realistic parameterizations for the vertical macro-turbulentLau et al.(1979 published estimates of (bandpass filtered)
diffusion coefficient Ksyn) and the ageostrophic terms. f((v/vég)—w/u/ag)) in the Northern Hemisphere, including
These parameterizations are used for solving all synoptigts geographic variation (Fig. 4 dfau et al, 1979. This fig-
quantities («'2), (v'?), (u'v’) and(v'w’)) and do not require  yre is in quantitative agreement with our estimates: Above
any individual tuning to obtain proper results. Also, those pa-the two ocean basins negative anomalies form at high latitude
rameterizations, as well as all constants (Table 2), are valideast of Newfoundland and east of the Kamchatka Peninsula)
globally without any local adjustments. This way we ob- and positive anomalies at lower latitudes (east of Florida and
tain proper results for the four synoptic scale quantities foreast of China). Also the magnitude of these anomalies is
present-day, 2CO, and LGM climates. in good agreement, with ((v'vjg) — ('ujg)) ranging from
Nevertheless, direct comparisons of the parameterized in-_ ., 103m2s2t0 4x 10-3m2s2. The presented inter-
termediate terms (i.eKsyn, (u'w’), (v'vag) — (u'uzg)) VEr-  mediate parameterizations are thus in qualitative oy

sus observations or independent estimates would further Va'and(u/w’)) and quantitative (for ageostrophicity) agreement
idate this model. This is complicated as these quantitiesyit previously published data.

cannot straight-forwardly be calculated from meteorological

datasets like ERA-40. To our knowledge, only few stud- Early studies (e.gStone and Yap1987 based parame-
ies have published reliable estimates of them so far, notablyerizations upon the idea that the linear stage of baroclinic
Tucker(1960 for Ksyn, Lau et al (1978 for (v'vyy) —(u'uyy)  instability of the quasi-zonal wind is the dominant one shap-
and Stone and Yad1987 for (u'w’). Tucker (1960 and ing the structure of the energy-loading synoptic eddy ensem-
Stone and Yaq1987, unfortunately, used unfiltered data ble characteristics. Here we argue that by accounting for the
for their estimates hence including the effect of standingnonlinear baroclinic and barotropic forcings during the ma-
eddies as well. A comparison therefore only makes senséure stage of synoptic eddies, one can satisfactorily reproduce
for the mid-latitudes as here kinetic energy of transient ed-the basic features of the geographical and vertical structure of
dies dominates over that of standing eddies. Hbreker  the synoptic eddy-ensemble kinetic energy and momentum
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flux. This is in line with observational data and the modeling ing parameterizations for the vertical macro-turbulent dif-
results of the individual baroclinic wave life cyclelg¢skins fusion coefficient and ageostrophic terms. We show that
1983. Hence, we argue that in the equations @iof), (v’ these statistical-dynamical equations fairly accurately repro-
and (u'v'), the vertical terms{u’w’) and (v'w’), cannot be  duce the geographical distribution of storm tracks, includ-
neglected (Figl). Linear stochastic modeld=érrell and ing their variation with height and season. This works both
loannoy 1996ab) implicitly assume a strong upward trans- for present-day climate as well as moderately colder (LGM)
port of synoptic eddy activity in order for their mechanism and warmer (2CQO,) ones. Coupled to ocean and land-
of equilibration of the mean flow to be efficient. This agrees surface models, such atmospheric modules are likely to be
with our findings. The key difference is that our parameteri- efficient tools for studying the Earths climate over millen-
zations explicitly describe both the vertical transport of syn-nia and longer timescales. Such long-term, ensemble simu-
optic activity and the nonlinearity of the processes driving lations are required to address key questions with respect to
synoptic activity, without prescribing the magnitude of these future climate stability, on the one hand, and the origin of the
terms. In addition, we take into account the ageostrophicglacial cycles, on the other.

terms appearing in the equations, whose importance was first

claimed in the classical papers bgu et al.(1978 andLau

(1979. Orlanski and Chan¢1993 andChang and Orlanski Appendix A

(1993 emphasized the crucial role the ageostrophic compo-

nent plays in the evolution of thadividual baroclinic waves ~ Derivation of statistical-dynamical pde’s

and eddies. In our study, we found that these terms are also o )

important to correctly describe temsemble-average@’?), Al The statistical-dynamical approach

(v"?) and(u'v'). Finally, we do not use any a priory assump-
tion on the stability of the basic flow, making our formulas
rather general and therefore in principle applicable to a broa
range of basic flow profiles.

With calculation times a fraction of those of GCMsgo-
lus can, when fully developed, be used to study Earths cli-
mate over multi-millennia and longer timescales. The com-y, _ (Y +Y! (A1)
putational expense of GCMs has hampered such studies so ' v
far. On the other hand, existing EMICs, though computation-pere (y,) has a characteristic time scale (or period)
ally efficient, lack accurate 3-D parameterizations for syn-z - f<oy) ~ 15 days, spatial scale (or wavelengths)
optic scale kinetic energy and momentum and thus cannot -4 " = =0 1
produce the climatic effect of storm tracks. This work thus = Ly, .N1500 km and phase spead < C(y) ~3ms

. (Fraedrich and Bttger, 1978 Pedlosky 1979. The dom-
prepares ground for the development of computationally ef- oo . .
ficient EMICs which can accurately resolve the climatic ef- inant contribution tq the pertur_banon_ terd is assumed
fects of changes in atmospheric dynamics, including its syn-t.0 come from_ transient syn(_)pnc edees (E:yclones and an-
0
. ticyclones) with characteristic scales < 7,, ~ 6 days,
optic component. We acknowledge that we tested our param= -0 - =0 1
eterizations only for a moderate climatic range here, whichl < Ly, ~#800km, andC > Cy, ~10ms = (Eady 1949
does not guarantee proper solutions outside this range. HowF"aédrich and Bttger, 1978 Pedlosky 1979. Crucially im-
ever, itis exactly this climatic range for which we want to use Portant here is the clear separation between large-scale long-
Aeolus as part of a new EMIC, to address scientific questionst€"™ and synoptic fields in 3-dimensional-L-C) atmo-
with respect to future climate stability and the origin of the SPheric power spectra justifying our approach (see e.g. the
glacial cycles Ganopolski and Roch@009. Furthermore, ~POWer spectra plots given Hyraedrich and Btiger (1978
useful applications will include ensemble simulations to re-With phase velocity as the third axis). Notably, in two-
duce uncertainty in climate sensitivitg¢hneider von Deim- dlmen5|o_na| power spe_ctrq, without a phase veIouty axis,
ling et al, 2008 and other governing parameters of climate € mentioned separation is not clearly markBedagdrich
models Eliseey 2008. Based on this approach similar pa- @nd Botiger 1978. Even more, in one-dimensional power

rameterizations for the synoptic scale heat- and moisture-flusSPectra, versus period or frequency only, the fast synoptic-
can be developed. scale and large-scale long-term components are practically

non-separated/an der Hovenl1957 Oort and Taylor1969
Vinnichenkq 197Q Mitchell, 1976§. Only in 3-D phase
5 Conclusions space becomes the separation apparent. The averaging op-

erator(...) therefore denotes a temporal, spatial and phase-
We derived a closed set of 3-D statistical-dynamical equa-Speed averaging over the 3-dimensional window bounded by
tions describing the kinetic energy and momentum flux of iy, @nd Z(y, in time, LY, and LY, in space, andCy,)~*
synoptic scale eddies in the Earth’s atmosphere by findand (C?N‘l in phase-speed. The following approximate

A key assumption of our statistical-dynamical (SD) approach
Jo climate modeling is that any original large-scale atmo-
spheric variable’; can be written as a sum of a large-scale
long-term (quasi-stationary) componefit;() and a synoptic
componentY;) (Petoukhov et al1998 2003:
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equalities are direct consequences of the separation betweétere, (Ep) = 2(( u'?) 4 (v'2)) is the synoptic scale kinetic en-

(Y;) and Y/ in the 7- -L-C-phase spacePetoukhoy 1991
Petoukhov et al1998 2003:

Y)~0, ( F((Y1),(Y2),...) Y/ ) =0,
Y/ Yy

(

<—{>w A (VY]) A V(Y]) ~ (AY]) ~ A(Y]) ~0,
<‘5">>%33§”,<V<Y,->>W< i), (A(Y:)) & A(Y;),
(F((Y1),(Y2),...) N(Y],Y},..)) ~ (A2)
(F((Y1),(Y2),..)) (N(Y],Y},...))

(CFi (Y1), (Y2), 0 Y1, Y5, 0) &

1

> (Fi({Y1),(Y2),..

1

YY)

for anyi

to obey the Charney-Drazin formul&€lfarney and Drazjn

1961), describing exponential decay upwards in the strato-

sphere Petoukhov et a]2003.

A2 Synoptic scale kinetic energy

, whereV and A are respectively the 3-D gradient
and Laplacian operator, and, X and F; represent any type
of algebraic functions or differential operators. Further, in
the stratosphere, all synoptic momexisY’) are assumed

ergy, withu’ andv’ the zonal and meridional components of
Vi The last term in Eq.A5) appears due to differentiat-
ing in spherical coordinates, referred to as the “metric” term.
The second and third terms on the right hand side describe re-
spectively the advection of synoptic scale kinetic energy by
large-scale long-term motions and by ensembles of the syn-
optic eddies themselves (self-advection). Finally, the fourth
and fifth term can be expanded as:
d{u)

/V/ R/ — 2
+ V) -V() = (u )—aCOSpBA
d 0 d

(v) ) (u) (v)
adg adp acCoSpoA
3 (u) L, d()
9z ) 0z
The first three terms on the right-hand side of Esg)rep-
resent exchange of kinetic energy between eddies and the
“basic” flow due to its horizontal shear, in particular feed-
ing the eddy kinetic energy at the expense of that of the “ba-
sic” flow in case of barotropic instability of the “basic” flow

W'V'y-Viu)

+(v'?) ) (A6)

+ <u/w/>

To derive an equation for the synoptic scale kinetic energy,(Pedlosky 1979. The last two terms on the right-hand side
(Ey), we start from the original equation for atmospheric of Eq. (A6) capture the exchange of energy between eddies

wind in the hydrostatic approximatiobh@renz 1967

dv 1
—H=—fk><VH——VHp+Fh
dt 0

Here, Vy = {u,v} is the horizontal velocity vectorf =
2Qsing is the Coriolis parameter, witf2 the Earth’s angular

(A3)

velocity andy latitude,k is the upward pointing unit-vector,

p is air density,p is pressureVy is the horizontal gradi-

ent operator andy, is the friction force per unit mass acting

on Vy. In the zero-order inelastic approximatigncan be

replaced bypg = po(0)exp(—z/ Ho) with constant reference

density po(0) and air density scale heiglify. First, we in-
sernVy=(Vuy)+Vy
product withV,, apply the averaging operatar.) to both

sides of Eqg. A3) and neglect all higher order terms given by

Eq. (A2), giving:
v dv;
- T L v Sy = v e Vi)
t dt (Ad)
1
= (Vi Vup) + (Vi Fp)
(po)

A2.1 Deducing the left hand side of Eq.A4)

Expanding the total derivatives in the left hand side of

Eq. (A4) into their partial derivatives and usir&R, we can
rewrite it as follows:

AV dVi. O(ED
Ve =g Ve =
F(V) - V(EY+(V -VE)+W'V')-V{u)  (A5)
t
WV <>+ﬂ<< ) ') — (') (v)
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into Eq. (A3). Next, we take the scalar

and the “basic” flow owing to its vertical shear and there-
fore, due to a quasi-geostrophic character of the “basic” flow
in the middle and high latitudes, owing to horizontal gra-
dients of the large-scale long-term temperature field. The
terms{u’w’) and (v'w’) together describe the direct transfer
of kinetic energy from the “basic” flow to the ensembles of
synoptic eddies§tone 1972ab). This process is referred to

s “synoptic-eddy friction” bywilliams and Davis(1969,
who expressu/w’) and(v'w’) in terms of 4% and %, re-
spectively. Thus, the last two terms in the righthand side of
Eqg. (A6) capture the combined effect of “synoptic-eddy fric-
tion” and “basic” flow baroclinic instability, if the last oc-
curs. In the general case, regardless of whether the “basic
flow is baroclinically stable or instable, these terms describe
the exchange of energy between the “basic” flow and syn-
optic eddies, due to vertical shears of the former. Based on
ideas ofWilliams and Davis(1969 and Petoukhov(1991),
we derive a new expression for the vertical terms by param-
eterizing their sum:
(u’w/)M +<v/w/>M —

9z 9z

K u + av\?
Y oz 0z
with Kgyn the vertical macro-turbulent diffusion coefficient
(Petoukhoy1991; Petoukhov et al2003.

(A7)

A2.2 Kgyn parameterization

In line with “vertical mixing” of angular momentum due
to synoptic scale eddies, introduced Wjlliams and Davis
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(1965, Petoukhoy(1991) derived a Prandtl-type description with the non-dimensionalizing constatip =5ms andg

of Ksyn in terms of the Austausch coefficient. More specifi- the acceleration due to gravityI') is the mid-troposheric
cally, Ksynis treated as the product of the characteristic syn-lapse rate and', and (I'wa) are, respectively, the dry adia-
optic vertical velocity ) and vertical scaleH): batic and mid-troposphere moist adiabatic lapse rate. Fur-
.- ther, (V) is the relative volume occupied by the middle-
Ksyn=HW + Kmeso (A8)  |ayer stratus and penetrative-convection cumulus clouds

Here Kmeso representsksyn from the background vertical (“moist-convection towers”) within the troposphere. The in-
mixing due to mesoscale eddies only and is taken constarﬂuence of the atmospheric moisture on the stability of the

here. With the use of the continuity equation, @iyV’) =0, atmosphere is thus accounted for. Furthermore, the factor
, in the static stability parameter in the upper troposphere as
WA HoU Fx (2) (A9) compared to the middle troposphefgates 1961). The dif-
?

ference between our parametrization@f with those of e.g.
Dymnikov (1978, Emanuel et al(1987 and Lapeyre and
whereU' is the absolute value of the characteristic horizon- el (2004, is that ours is relevant for climate time scales
tal velocity in the synoptlc transients, Wh'Ch is roughly pro- while theirs are more relevant for fast weather processes.
portional to(u = Vw42~ 2|(u)]. This assump-  Using Eq. A12), we can rewrite the denominator in
tion is supported by observational data of the distributiongq. (A11) as follows:

of the characteristic magnitudes for winds for the “basic”
flow and synoptic eddy ensemble®drt and Rasmusson

Ro

Li Sin(po . 1~/ (Ts) fo Sln(po

1971, Oort, 1983. Further,L{ represents the characteristic R0|Sin(p| %3 fo  |f]lsing|
meridional spatial scale of synoptic eddy displacement which 1R(Ts (A14)
we set to the internal Rossby radius of deformation in the (~>2 7 / Fo(p)

meridional direction. Accounting for the latitudinal depen-

dence of Iongltudmal -latitudinal asymmetry of synoptic ed- with the functionFo(¢) = |JJ:0| Ising| capturing both the effect

dies, we defineLg, o v/2 58 L, motivated byHoskins  of the latitudinal change ih the Coriolis parameter and the
et al. (1983 with ¢o correspondmg to 45latitude. Fx(z)  synoptic eddies assymetry. We apply a coarse-resolution rep-
captures the vertical change Wi and will be derived later.  resentation forFo(¢) based on the observational facts that
First we parameterize the characteristic synoptic-eddy vertisynoptic eddies (1) possess a finite size in their mature stage,

cal scaleH, which we express in terms of the density scale (2) seldom cross the equatorial plane and (3) seldom run

height Ho and the meridional Rossby number, or: over-the-pole Palmen and Newtqri969 Pedlosky 1979.

~ L We treat Fo(p) separately in three latitudinal ranges: the

H=Hy—— (A10) near-equatorial beltHp — 0), the mid-latitudes and the near-
foL(ﬁg0 polar regions fp — 2). Based on observational facts (1)

Inserting these parameterizations férand  into Eq. (AB), and (2), we set the width of the near-equatorial belt to the

we obtain: size of the eddies in this region, i.e = Lzo(we)/a, where
the horizontal bar indicates a zonal average. This is equiva-
lent to the equatorigs-plane approximation for the synoptic

1 { HU’
Keyn= %( P ) Fi @)+ Kmeso= eddy internal Rossby deformation radius. The valugef
Ro 2 (A11) within the near-equatorial belt is set #3(¢e). Analogously,
1 Hol(u)| motivated by observational fact (3), we prescribe the width
% 3 singo Fg (2) + Kmeso of the near-polar region to the size of the eddies there, i.e.

Rolsing| ¥p= Lgo(wp)/a and Fo gets the valuefp(gp) in the region

The Rossby radius of deformation in the zonal directionfrom ¢, to the pole. In the mid-latitudes, i.e. frop to ¢p,
(L%,) can be written in terms of surface temperatut®)), ~ we use a method which can be seen as a compositefef a

the specific gas constant) and the Coriolis parametef}: plane and g-plane approximation. We define an additional
latitudegmax to be the latitude of maximum synoptic activity,
. 1 SRS with Fo = Fo(¢max). Fo(e) in the mid-latitudinal belt from
ho= > |J§| ) (@) (A12)  @et0 pmaxis now defined as:
with the static stability parametéd): Fo(@) = Fo(ge)+ (Fo(¢max) — Fo(ge))
2
3 o \" (R 1/2 B (A15)
(@ =( = {—[rau— (Vet))+{Twa) (Ver) — <F>]} (A13) 14 sin( T(80%p) —absge)
Uo g abs(pmax) —abgge) 2
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822 D. Coumou et al.: Synoptic scale kinetic energy and momentum flux

and similarly fromgmax to ¢p as: We takezs; corresponding to the 500 mb level in our cal-
culations. and assume that, within a first approximation,
(Fo(ep) — Fo(@max) |v/(Z)| ~ U’, which yields

Fo(p) = Fo(¢max + 5

[1+ sin(n(abw) absymad) _ E)} W~ ——C explz/ Ho)— > EVe/H) (A22)
abgpp) —abspmay 2 L, Ho %= n!(14¢ +n)

Our parametrization ofp thus provides a continuous global Comparing this equation with EcA9) we find:

representation for the Coriolis force and also its first deriva- ~

. . . . . . . z (_1)n(Z/HO)n

tive with respect tgp is continuous. Note that in principle Fk(2) %exp{z/Ho}—Z (A23)

the values ofpmax, as well aspe andgp, which depend on Ho“= n!(1+¢+n)

Tp . .
Lg,, can be different for the Northern and Southern Hemi- ging the first six members in the sum in the righthand side

spheres. In this study, for simplicity, we use the same values,nq assuming that EqAR3) is representative for all latitudi-
for Northern and Southern Hemisphere and assign them consg pelts in both hemispheres, we obtain:

stant valuesde = 20°, gp = 70° andgmax= 55°). However,
we note that in a fully-fledged EMIC they can directly be Fg(z) wexp{cg)z—cg)} (A24)
calculated from values at the previous time step.

The function Fk (z) in Eq. (A11) captures the vertical With cP~3.104m™1 andC§3’ ~ 3.
structure of W. The latter can be estimated from the con-  In order to derive our equation fgv'w’) (Eq. 7), we start
tinuity equation for the synoptic component in the quasi- as well from the continuity equation for the synoptic com-
geostrophic approximation, which results to in the following ponent in the geostrophic approximation, giving the corre-

zero-order approximation fa¥ (Petoukhoy1991): sponding formula forwg(z). We multiply this expression
1 - with a damping factore=*@=%0  which accounts for the
W(z)~ f/ po(ZHV' (2)dZ (A17) aforementioned increase in static stability in the troposphere
L‘éo 0 and suppression with height of synoptic scale vertical veloc-

] ) ] ity in the vicinity of the tropopause. Finally, by multiplying
Based on observational data, the vertical profile of thewé(z) with v’ we obtain:

barotropic and the 1st baroclinic modes{z) at the ef-
fective nonlinear (mature) stage of the synoptic eddy life cy-,,, — cosp v (14,2 Ho)ze?/ Ho—o(a=2s0,y2 (A25)
cle can be parameterized in the fourfiz) = v’ (zsp) (z/zs0)° Sing

(Fukuoka 1952, Holmstom, 1963, wherezs; is the height
of the steering level for the synoptic eddi€h@n and Gray
1982 Branstator1995 and¢ ~ 0.5 (Fukuoka 1952, Holm-

strom, 1963 Oort and Rasmusspi971; Oort, 1983. The
solution to Eq. A17) is given by

In Eq. (A25), the value ofx can be determined from the em-
pirical observation thatv’ reaches maximum values at ap-
proximately the steering leveKgighting, 1960 and hence
aa—l‘z’/(zst) ~ 0. Dividing Eg. @A25) by v/, taking its vertical
derivative (accounting for the first six termsyofl+¢, z/ Ho)

- V' (2)(zs1/2)¢ ) and assuminéa“—f/(zst) =0, we find an expression fer in
W (z) ~ exp(z/ Ho) /) It (2) (A18)  termsofzst
Ro
2+¢ 1

with the integrall; (z): =T (A26)

1\¢ 4 Applying the averaging operatof...) to both sides of
I (z2) = (Z_t> Hy™y(1+¢,2/Ho) (A19)  Eq. (A25) arrive at our equation fof'w’) (Eq. 7).

S

wherey (1+¢,z/ Ho) denotes the lower incomplete gamma- A2-3  Deducing the Ageostrophic terms in Eq.A4)

function (@bramowitz and Stegyni964, such thatW (z) Having completed the full parametrization of the left hand

yields side terms of Eq.A4), we now continue the derivation of
=y o its right hand side terms, starting with the ageostrophic part.
W)~ v (z)explz/ Ho) e v (1+¢.2/Ho) (A20) The sum of the first and second term on the right hand side
Ro of Eq. (A4) is:
with the functiony’(¢,z/ Hp) obeying @bramowitz and Ste- 1
gun 1964 ~SVH - X Vi) = Vi Vi)
/ / A27)

. (~1)" (z/ Ho)" = — [V} (kx Vi) (
y/(l_’_é.’Z/Ho):Z(‘?LA (A21) / /H / /ag)

n=0 n ( +§ +I’l) = f((u Uag) - (U uag))
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where the subscript ag refers to the ageostrophic componert, is a dimensionless constant of the order unityo) is
of u’ andv’, which play an important role as souysik the near-surface cross-isobar angle, which to a first order ap-
terms (au et al, 1978 Opsteegh and van den Dpd979. proximation based on findings bfansen et a1983 obeys:
We assume that the vertical profile of ageostrophic wind can
be described by trigonometric functions such that the hor-

izontal mass flux over the total atmospheric column van- éD\/W)%"‘<U>%+(“/2>l+<v/2>l
ishes. We first give the full derivation of these equations, af-S"(o) ~ £ - (A31)
ter which we show that our approach is conceptually in line v 2foKpeL

with the atmospheric energy conversion cycle presented by . - o
Lorenz(1967). Following Petoukhov et af200Q 2003, the ~ Parameter€p andk PBL are F:haragterlstlc values of the drag
componentsi,, and v/, of an instantaneous synoptic scale Coefficient and the kinematic vertical smatiesoscale eddy

ageostrophic velocity in the free troposphere are expressefliffusion coefficient within the PBL respectivelHansen
as: et al, 1983. Subscript 1 refers to variables in the PBL. In-

ugg:eﬁOU[Al(k,(p)cos(ﬂozl)—AZ(A,w)sin(ﬁozl)]Jr serting Eqgs.A28) and A30) into Eq. A29) we get:
e P A3(1, ) COS(Boz1) + Aa (., 9) SiN(Boz1)] (u'vhg = Isin(@o)| F(@)sgnf)(u'| . u")
Vag=eM[A2(, 9)COS(Boz1) + A1(%. ) (SiNBoz1)] + (A28) (v'upg) = —Isineo)| F(z)sgn(f)(v'| a?)
¢ PO [Ag(1, 9) COS(Boz1) — As(h.9) (SiNfoz)]

(A32)

whereF (z) equals one within the PBL. Above it, it is given
Here o = /%1 is analogous to the inverse Ekman height by:

in the theory of the planetary boundary layer (PBL), but used

here for the free troposphere. In E&\2B), z1=z— Az1 Fo)=f /ﬂ{Sin(S)[e§+e‘§][Cl(u’2)+C2<v’2>]+
where Az1 stretches from the surface till the lower most z

“turning point” of the ageostrophic velocity at the PBL-free cos(.g)[eg —e_é] [(Cz—Cl)(u’v’) +C3((u'?) + (v’z))]}
troposphere interface. This thus captures the change in sign

of the monsoonal branch of the atmospheric circulation. AtWith & = Bo(z — Az1) and

this “turning point”, ageostrophic circulation vanishes, i.e.
u;g(zl =0)~0 and vgg(zl =0)~0 and thusA; + A3~0 Ci=———
and A+ A4~ 0. We also impose that, over the total at- IT+1;
mospheric column, the total horizontal mass flux due to

(A33)

1,

ageostrophic circulation vanishes, i.e.: I P

A +/Zup L Mdz =0 CZZ_I_;< _12:12)
u u ’ =

agp, ST ) Had 2 1112

/ Cup 1 21/ H ( )
v Azl—i-/ Vo M H0dz1=0 A29

ag Azy 0 age C3 = —ZIlIU > (A34)

/ ’ Il + 12
whereug, N and vyg L, are the PBL-averaged zonal and
Z Z

meridional abeostrophiclvelocities apgh = H — Az; with Zup
H the height of the upper boundary for the atmopsheric dy-7; :/ e~ %1/ Ho (eﬂm _efﬁozl)cos(ﬁo)zlaz
namics computational domain. With these imposed condi- 0
tions, we can determind(A,¢), A2(A,p), Az(A,@) and
A4(A, ). The PBL-averaged ageostrophic components obey Zup . _
the equationsRetoukhov et a]2003: L= _/o e~/ Ho (eﬁoZl —e*ﬁozl)sm(ﬁo)maz
u __ Isin{ao)| ap'(0)

laz apolf] cospdr _

— /|, Calsinioo) | sgrf) Io==Cosinoo)sgnif)Azy
, _ |sin{ag)| ap’(0) N The full derivation ofF is tedious but directly follows from
Vag An apol fI 3¢ - (A30) Egs. A28)—(A30). From these equations it follows that the

ageostrophic terms in the equation for the synoptic-scale ki-
netic energy crucially depend on atmospheric friction, which
Here, u’|Az (v’|AZl) is an instantaneous geostrophic, zonal primarily acts at the surface and within the PBL. This is con-
(meridionab component of the synoptic scale velocity aver-ceptually in line with the atmospheric energy conversion cy-
aged oveAz1, sgn(f) equals+1 (—1) for the NH (SH), and  cle presented ihorenz(1967). According toLorenz(1967),

'] 5., Ca lsinao) [sgn(f)
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on long enough (climatic) time scales the conversion-ratefirst baroclinic mode of the representative synoptic eddy
(CR) of atmospheric total potential energy (TPE) into ki- (Fukuoka 1951 Lorenz 1956 Holmstiom, 1963, we can
netic energy (KE) by reversible adiabatic processes as theeduce the right hand side terms of E439) in a first ap-
source of KE (Eg. 102 ihorenz 1967) is balanced by dissi- proximation to:

pation D, due to frictional forces in the atmosphere (Eqg. 101 , L P

in Lorenz 1967). Equating the expressions for CR apd ~ KH{AH(ER) — (Vi - V))}~ —2KHLys(Ey)

yields (Lorenz 1967): ~2KHAH(EY)
—g{Vh-VZ}=—{V} F} (A35) (K1.z+ K2 2){AAER) — (V- Vi)~ (A40)
_ . o —2K1 7 Hpd(Ey) +2K2 7 A (E})

whereZ is geopotential height anH atmospheric frictional

force. Figure brackets in EqAB5) denote long-term and so that(V,- F}) in Eq. (A4) can be written as:

global averaging. Splitting/, into geostrophicVy g and

ageostrophid/;, ag components, With/ng=g/f(k xVZ), (V- Fp) = KinAu(Ep) + Kz A (Ey) A4l

gives (assuming thaV, ag|/[Vnl = o(1): — Krs(E}) (A41)

—8{Vh-VZ} = flugvag— vguag} ~ (A36)  Where K = 2Ky, Ky, =2Kp 7 and Kis = 2K1zHg2. In
fluvag—vuag) our model, we assign constant values kay , andK», z. We

assume that the rate of surface dissipation is proportional to

This s.hows that the contribution Qf ageo;trophic tgrm; to thegrface friction and that the boundary layer is neutrally strat-
equation for the total atmospheric kinetic energy is directly ifiad. Then. based on work byansen et al(1983, we let
linked to the global atmospheric kinetic energy dissipationihe syrface friction coefficienkss increase with increasing

and tends to zero as the atmospheric friction approaches zergi;ndgard deviation of the orographsso) according to:
The latter manifests itself mostly in the form of surface fric-

tion and internal friction within the PBL. This justifies con- 2t o zs
ceptually a description of the ageostrophic terms appearingf{fS = In o
in Eq. @) by Egs. A33)—(A34) as applied in our model.

(A42)

TE,min 20

with g min the minimum value of the Ekman damping

A2.4  Deducing the friction term in Eq. (A4) timescale as occurring above the Tibetan plateau, the height
. ] of the surface layets~ 10 m, the efficient roughness length

_The last _ter_m on the right hand S|d_e of E&\4), accou_nt- zo%klaé{rzo wherek; = 0.031 andk, = 1/+/2. This implies,
ing for f”Ct'og, can be expressed in terms of the viscous;, particular, thatHms can be calculated in our model with
stress tensorz , associated with/|, (Lorenz 1967 Ped- K prescribed by EqA42) andK1, ~ Kpg.
losky, 1979 Peixoto and Oort1984):

A2.5 Combining all terms of Eq. (A4)

(Viy-Fp) = (V- idiv ‘{"> (A37) In the previous sections, we derived all terms of E&g)(
Lo By inserting Eqgs. A5), (A27) and @41) into Eq. A4) and
S o _ neglecting the metric and self-advection terms, we obtain a
In a simplified form div becomes Reixoto and Oort  partial differential equation for the synoptic scale kinetic en-

/
VT = ! ’ I(E;
divt £0 KHAHVH+IOOKZAZVH (A38) <3tk> =—(V)«V(E{()—(u’V’)~V(u}—(v’V’)-V(v)
where Ay and A, are respectively the horizontal and ver- + K An(EY) + Kz A (EL) — Kis( EL) (A43)
tical Lapl t nkin (K z) is the horizontal -
ical Laplace operators ankliy(K z) is the horizontal (ver v — Wl

tical) small/mesoscale coefficient of friction. In the case
of Ky =const andKz = K17 (%,¢) + K2z(%,9,2), where  ith the ageostrophic term given by Eqad6)—(A34) and
K1z~ KpsL, Eqs. A37) and (A38) yield the vertical flux terms described by Eqa7) and A11). In

A , /2 a similar way as shown here for kinetic energy, an equation
(Vi Fr) = Kn{An(E) = (Va- Vi)“)) for momentum fluxu’v’) can be derived:

+(K1,z+ K2, 2){ 8 (EY) (A39)
a 1.0/
~ (Ve Vi) L) = V) VW)~ V)V )~ V) V)
Defining Lms and Hms respectively as the characteristic hor- + Kin An(u'v') + Kz Az (u'v') — Kt (u'v') (A44)
izontal and vertical scale for the sum of the zeroth and + f ((v'vpg) — ('ujg)
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In this equation, only the ageostrophic terrh/()gg) — Cehelsky, P. and Tung, K.: Nonlinear baroclinic adjustment, J. At-
('ufg) needs special treatment. Here we take the same moOs. Sci., 48, 1930-1947, 1991.

approach as for deriving ageostrophic terms appearing irq:h_an, J. and Gr_ay, W Tropical Cyclone Movement and surround-
the kinetic energy equation, giving equations (analogous to ing flow relationships, Mon. Weatther Rev., 110, 1354-1374,

. 1982.
Eq. A45): Chang, E. and Orlanski, I.: On the dynamics of a storm track, J.

Atmos. Sci., 50, 999-1015, 1993.

Chang, E., Lee, S., and Swanson, K.: Interdecadal variations in
Northern Hemisphere winter storm track intensity, J. Climate,
15, 642-658, 2002a.

Chang, E., Lee, S., and Swanson, K.: Storm Track Dynamics, J.
Climate, 15, 21632183, 2002b.

harney, J. G. and Drazin, P.: Propagation of planetary-scale dis-
" turbances from the lower into the upper troposphere, J. Geophys.
Res., 66, 83—109, 1961.

harney, J. G.: The dynamics of long waves in a baroclinic western

(v'vhg =Isiniao)| FR)sGrif)(u'|,,v')

/o H I / / (A45)
(u'upg = —Isin(eo)| F(2)sgrif)(v'],_ u')
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