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22 PRELEEIEPRYRER =
» Decomposing mesoscale spectra into wave and vortex contributions is the key to
evaluate the various proposed theories

Wavelength (km) Peng etal. JAS 2013a Wavelength (km)
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(a) CNTL Upper Trop(z=5-10 km) | (b) CNTL Lower Strat(z=12-15 km)

® Helmholtz decomposition

i Erx (k)= (UR UR)k ;(ﬁl’j;)k
| Ep (K) == (Up.Up), = 5 (§|l,:|z)k

® Geostrophic/ageostrophic
decomposition
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» The RKE spectrum slightly dominates over DKE spectrum in the tropospheric mesoscale (Cho et al. 1999; Lindborg 2007)

» The DKE spectrum actually dominates over the RKE spectrum in the lower-stratospheric mesoscale (Callies et al. 2016; Li and Lindborg
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> gé= (Energy) 1% VS #lg§& (Enstrophy) i ® At planetary and synoptic scales, the atmospheric
motion is dominated by the QG dynamics. Thus the

EK(k):%(”’“)k:%[‘j*(k)‘j(k)”*(k)o(k)] ¢ (k) =ik,9(k)—ik,a(k) enstrophy (i.e., half of the squared vertical vorcitity)
1 ) 6 (k) =ik (k) +ik,9 (k) is conserved and its cascade has direct implications
ERK(k)ZE(uR R)k_a k[ o (k)= 1 (6.0) for energy cascade. Downscale enstrophy cascade
e ()= L(up ), = 120 21 o (Kraichnan 1967)
: Ak (k)= (0.9, ® At mesoscale, what the spectral enstrophy flux would

be like? To what extent the spectral energy flux is
linked to the spectral enstrophy flux? Or whether
there are other non-conservated processes that
dominate the spectral energy flux?

By (K) = Eqc (K)+Eni () @ (k)+ (k) = K[ E(K)

Important: The equal importance of divergent and rotational components of the mesoscale atmosphere flows !!!
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); ﬁﬁ;ﬁ E Eg SV= half of the squared vertical vorticit)_/ B

SD= half of the squared horizontal divergence

» Explore the dynamics underlying the mesoscale spectra of divergent and rotational motion components
» Focusing on SV and SD or on RKE and DKE is both relevant to the subject.
Why we switch to the spectral budget of SV and SD?

® Initial Motivation: mathematically cumbersome in constructing the conserved spectral flux terms of RKE and

DKE; however, it is very convenient to construct the conserved spectral fluxes of SV and SD; 2
®(k)+¥(K) =k EK)

® Motivation 2: the spectral budget of SV and SD naturally highlights the contribution of smaller scales

® Motivation 3: explore possible mesoscale enstrophy cascade under the nonlinear advection of the full

horizontal velocity

® Motivation 4: to explicitly associate spectral energy and SV/SD transfers, which provides additional physical

views on the mesoscale energy cascade.
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Fig. 2. Time series of mass-weighted average (a) squared vorticity
(SV) and (b) squared divergence (SD) per unit mass. Here the mass-
weighted average is computed over the entire domain.

Early phase: 4-7 days
Intermediate phase:7-10 days
Late phase: 10-13 days




22 \Vorticity/divergence Spectra
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® [n the upper troposphere, at both times, the SD

spectrum is shallower than the SV spectrum;
however, the amplitude of the former is much
smaller than that of the latter, resulting in the lack
of spectral transition in the total spectrum at this
level.

In the lower stratosphere, the SD spectrum crosses
the SV spectrum in the mesoscale range over both
time intervals and therefore a distinct spectral
transition can be found in the total spectrum.

The lower-stratospheric spectral transition is much
more remarkable at the early phase, which should
be related to the shortage of mesoscale squared
vorticity around the transition scale of 500 km
caused by the insufficient development of high-
level weather systems.



22 Spectral budgets- Spectral transfer terms =g EiveEEEREE@=E@Es
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® In the dry baroclinic wave simulation the upper
troposphere is almost completely dominated by the
downscale SV transfer from synoptic scales to
mesoscales;

® In contrast, the lower stratosphere is dominated by
the downscale SV transfer at synoptic scales while
by the downscale SD transfer at mesoscales.

® However, there is not an obvious subrange of
wavenumbers over which the nonlinear flux of SV
or SD is nearly constant, mainly because each of
them is not conserved in this range of scales.
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22 Spectral budgets- Spectral vertical fluxes  ewemeEwemE BEO=sGEB?
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0,4 [Ky ] = (A2) " TT 4 [k, ](2) = (A2) "TH4 [k, ](2,)
0y, Mq [k ] >Ot indicates an upward vertical flux.

In the upper troposphere, the vertical SV flux divergence
tends to remove SV from this layer, mainly by the
downward flux through the bottom of this layer; the
divergence of the vertical SD flux is almost zero on all
wavenumbers.

In the lower stratosphere, the vertical SV flux divergence
acts to increase SV, mainly by the upward flux through the
bottom of this layer; the vertical SD flux divergence tends
to remove SD during the early phase, mainly by the
downward flux through the bottom of this layer.



22 Spectral budgets- Spectral conversion and pressure-related fluxes
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In the upper troposphere, there exists an overall balance between the pressure-related term and the conversion term in the spectral SD budge. As a result,
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the net contribution between them at mesoscales is relatively weak.
In the lower stratosphere, the net positive contribution between them on SD is much more significant at the small-scale end of mesoscales.

® The strong positive contribution of the pressure-related term on SD at the small-scale end of mesoscales in the lower stratosphere is mainly due to the
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22 Spectral budgets- Spectral stretching and tilting terms
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a, (K)=-p,(¢.¢8), @ (K)==py (6,67 =23 (u,v)),

B (K)==p, (.6, - Vwxd,u), B (k)=—p,(6,Yw-0,u),

® These deformation terms have contributions
comparable to or even much stronger than
that of the corresponding cascade at
mesoscales.

® The mesoscale atmosphere should be more
like 3D turbulence rather than 2D turbulence,
in agreement with the findings in many other
studies before (e.g., Kafiabad and Bartello
2016, 2018).



2 Associating spectral energy and SV/SD transfers

Tk 1(x10")[s ™ kg m™]

Tk J(x10")[s~ kg m™]

4. Associating spectral energy and SV/SD transfers

|k|2Th (K) =T, (k)+T,(k)+a, (k)+a,(k)+ B, (k)+ 85 (k)+Res(k)
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® Essentially both spectral transfers and spectral

stretching and tilting terms of SV and SD act as
the physical processes governing energy transfer.
In the upper troposphere, the downscale energy
cascade is mainly governed by the downscale SV
transfer at both synoptic scales and mesoscales
and sometimes it is also significantly influenced
by the stretching term on SV at synotic scales;

In the lower stratosphere, the downscale energy
cascade is mainly governed by the residual term
related to 3D divergence and non-uniformly
distributed vertical velocity, and sometimes it is
also significantly influenced by the tilting term on
SD.

T



5. Summary

® A new formulation of the spectral budget of vertical vorticity and horizontal divergence suitable for the
mesoscale atmosphere on an f plane is derived. Three main improvements:

» (i) both the squared vorticity (SV; i.e., enstrophy as usual) and squared divergence (SD) spectra are taken into
account,

» (i) the spectral transfers of SV and SD between scales are exactly constructed under the nonlinear advection of
the full horizontal velocity, and

» (i) the general relationship between spectral energy and SV/SD transfers is derived.

® With this new formulation, the atmospheric spectra of divergent and rotational motion components are
Investigated through numerical simulation of idealized dry baroclinic waves.

» The upper troposphere is almost completely dominated by the downscale SV transfer at all scales, while the
lower stratosphere is dominated by the downscale SV transfer at synoptic scales and by the downscale SD
transfer at mesoscales.

» The pressure-related term is largely cancelled out by the conversion term between SV and SD at both levels, but
at the small-scale end of lower-stratospheric mesoscales there exists a significant net positive forcing,
accounting for the distinct spectral transition of the total spectrum there.

® An explicit association between spectral energy and SV/SD transfers is further made.

» In the upper troposphere, the downscale energy cascade is mainly governed by the downscale SV transfer; while

In the lower stratosphere, it is mainly governed by the residual term related to non-uniformly distributed vertical

h velociti.
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