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Motivation	  

Super-‐pressure	  balloons	  dri0ed	  at	  
60hPa	  measuring	  tropical	  winds	  
for	  several	  months.	  
	  	  
Podglagen	  et	  al	  [2014]	  use	  these	  
measurements	  to	  assess	  the	  
accuracy	  of	  tropical	  analyses.	  



Motivation	  
[Podglagen	  et	  al	  2014]	  

MERRA	  and	  
ECMWF	  analysis	  
sampled	  along	  
the	  balloon	  track	  
showed	  large	  
errors	  in	  winds	  
10-‐20m/s.	  
	  
Errors	  traced	  to	  
Kelvin	  and	  Yanai	  
waves	  over	  the	  
Indian	  Ocean	  and	  
Eastern	  Pacific.	  
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Motivation	  
[Podglagen	  et	  al	  2014]	  
	  
	  
	  
Analysis	  
increments	  

•  Tropical	  analysis	  wind	  increments	  are	  clustered	  in	  longitude	  where	  radiosondes	  
are	  located.	  

•  Temperatures	  increments	  are	  more	  uniformly	  distributed	  (GPS	  is	  assimilated).	  
•  Temperatures	  and	  winds	  are	  not	  properly	  coupled,	  so	  tropical	  waves	  may	  be	  

misrepresented.	  
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Tropical	  Waves	  in	  Satellite	  Observations	  

Using	  high-‐resolution	  satellite	  observations	  for	  independent	  
examination	  of	  tropical	  wave	  properties.	  
	  
High	  Resolution	  Dynamics	  Limb	  Sounder	  (HIRDLS)	  provided	  3	  
years	  of	  measurements;	  over	  5500	  temperature	  proPiles	  per	  day.	  
	  
HIRDLS	  observed	  in	  the	  IR,	  so	  only	  measurements	  above	  clouds.	  
	  
Using	  the	  Salby	  [1982]	  method	  for	  asynoptically	  sampled	  satellite	  
data	  to	  derive	  spectral	  properties	  of	  waves	  as	  
at	  high	  vertical	  (~1	  km)	  and	  latitudinal	  (~1o)	  resolution.	  

X - 4 ALEXANDER ET AL.: TROPICAL WAVE EP FLUX

2. EP Flux from HIRDLS temperatures

2.1. Derivation of F (z) on the sphere

EP Flux vector:

F (z) = ρacosφ
[

Z̄

N2
v′Φ′

z − w′u′

]

F (y) = ρacosφ
[

ūz

N2
v′Φ′

z − v′u′

]

For small perturbations, e.g.

u′ = Re[ûexp(−iωt + isλ)]

Neglecting shear ūz

−iω̃û − Z̄v̂ + ikΦ̂ = 0

−iω̃v̂ + fû + Φ̂y = 0

−iω̃Φ̂z + N2ŵ = 0

ikû +
(v̂cosφ)φ

(acosφ)
+ (ŵz −

ŵ

H
) = 0

(û, v̂, ŵ) = wind amplitude; Φ̂ = geopotential amplitude.30

Intrinsic frequency ω̃ = ω − sū31

Zonal mean vorticity Z̄ = f − (acosφ)−1(ūcosφ)φ32

Modified Coriolis frequency f̄ = f + (ūtanφ)/(2a)33

a = Earth radius; λ = longitude; φ = latitude; y = aφ;34

k = s(acosφ)−1; z = −H log(p/p0); H = scale height.35

In terms of geopotential amplitude (Φ̂):36

F (z) =
ρs

2N2
Re[iΦ̂Φ̂∗

z]

D R A F T June 8, 2012, 4:07pm D R A F T
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High	  Resolution	  Dynamics	  Limb	  Sounder	  
Advantage	  of	  HIRDLS	  Sampling:	  Comparison	  to	  SABER	  and	  GPS	  

Example:	  single	  day	  of	  HIRDLS	  proPile	  measurements	  

  

Vertical Resolution
Zonal resolution
10S-10N profiles/day

HIRDLS

1.2 km
wn ~ 7
~650

SABER

~2-2.5km
wn ~ 7
~200

GPS

1 km
 wn<8?
~200*

* Champ + COSMIC

Advantage of HIRDLS Sampling: Comparisons SABER & GPS

Example day of HIRDLS data: Profile locations

● HIRDLS has vertical resolution (similar to GPS), but has very high

  latitudinal resolution ~1o.  giving excellent sampling for the study of

  equatorial wave modes at tropical latitudes.

•  HIRDLS	  vertical	  resolution	  like	  GPS;	  much	  higher	  1o	  latitudinal	  resolution	  
•  3	  years	  of	  observations:	  January	  2005	  –	  March	  2008	  
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High	  Resolution	  Dynamics	  Limb	  Sounder	  
Advantage	  of	  HIRDLS	  Sampling:	  Comparison	  to	  SABER	  and	  GPS	  

Example:	  single	  day	  of	  HIRDLS	  proPile	  measurements	  

  

Vertical Resolution
Zonal resolution
10S-10N profiles/day

HIRDLS

1.2 km
wn ~ 7
~650

SABER

~2-2.5km
wn ~ 7
~200

GPS

1 km
 wn<8?
~200*

* Champ + COSMIC

Advantage of HIRDLS Sampling: Comparisons SABER & GPS

Example day of HIRDLS data: Profile locations

● HIRDLS has vertical resolution (similar to GPS), but has very high

  latitudinal resolution ~1o.  giving excellent sampling for the study of

  equatorial wave modes at tropical latitudes.

•  HIRDLS	  sampling	  is	  advantageous	  for	  wavenumber-‐frequency	  analysis	  of	  
tropical	  waves.	  
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Asynoptic	  Fourier	  Analysis	  (Salby	  Method)	  
HIRDLS	  Temperature	  Spectra	  

Wavenumber-‐frequency	  spectrum	  of	  HIRDLS	  temperatures,	  z=15-‐32	  km	  
Wave	  periods	  1-‐60	  days	  
Averaged:	  15oS-‐15oN;	  3	  years	  January	  2005-‐2008.	  
	  
Left:	  Eastward	  shear	  with	  U	  <	  8m/s	  
Right:	  Westward	  shear	  with	  U	  >-‐20m/s	  
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Asynoptic	  Fourier	  Analysis	  (Salby	  Method)	  
HIRDLS	  Temperature	  Spectra	  

Sample	  
modes:	  

Yanai	   Rossby	   Kelvin	  
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Asynoptic	  Fourier	  Analysis	  (Salby	  Method)	  
Modal	  Latitude-‐Height	  Structures	  

Yanai	   Eq.	  Rossby	   Kelvin	  

•  Individual	  spectral	  points	  from	  a	  60-‐day	  =me	  series.	  
•  Color	  shows	  real	  part	  of	  the	  complex	  amplitude.	  
•  Each	  point	  in	  la=tude	  and	  height	  in	  these	  plots	  results	  from	  a	  

completely	  independent	  spectral	  analysis.	  
•  Symmetric/asymmetric	  structures	  confined	  to	  the	  tropical	  la=tudes	  

validate	  the	  interpreta=on	  of	  these	  signals.	  
•  Ver=cal	  wavelengths	  near	  the	  limits	  of	  resolu=on	  are	  clearly	  visible.	  
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Example	  Wave	  Events	  

Yanai	  wave	  
Day	  305	  2006	  

Equatorial	  Rossby	  wave	  
Day	  354	  2006	  

Z	  
(K
M
)	  

Z	  
(K
M
)	  

Filter:	  s	  =	  -‐5	  to	  0;	  λZ	  =	  4-‐10km	  
Mixed	  Rossby-‐gravity	  strong	  event	  
with	  wn	  ~	  3,	  although	  these	  waves	  
appear	  weak	  in	  averaged	  spectrum.	  

Filter:	  s	  =	  -‐5	  to	  -‐1;	  λZ	  <	  20km;	  Pd	  >	  32d	  
Example	  displays	  clear	  n=1	  symmetric	  
equatorial	  Rossby	  wave	  structure	  with	  
wn	  ~	  2-‐4	  
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Kelvin	  Waves	  
Filter:	  s	  =	  1-‐5,	  Pd	  =	  3-‐20	  days,	  c	  =	  7-‐75	  m/s	  

HIRDLS	   MERRA	  

•  Bursts	  of	  accvity	  associated	  with	  faster	  descent	  of	  QBO	  westerlies.	  
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Kelvin	  Waves	  
Filter:	  s	  =	  1-‐5,	  Pd	  =	  3-‐20	  days,	  c	  =	  7-‐75	  m/s	  

HIRDLS	  

Annual	  
cycle	  

QBO	  
cycle	  

MERRA	  

•  Bursts	  of	  accvity	  associated	  with	  faster	  descent	  of	  QBO	  westerlies.	  
•  Amplitude	  variacons	  switch	  from	  annual	  cycle	  near	  the	  tropopause	  

to	  a	  QBO	  variacon	  above	  70	  hPa.	  
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Kelvin	  Wave	  Forcing	  of	  the	  QBO	  
Kelvin	  wave	  

momentum	  Plux	  
from	  HIRDLS	  	  

4.3. Kelvin Wave Momentum Fluxes and Mean Flow
Forcing
[21] We next compute Kelvin wave momentum fluxes

throughout the HIRDLS observation period and examine
their role in driving the QBO. Momentum flux can be esti-
mated directly from the HIRDLS temperature measurements
with

M ¼ !

2
k
m

g~T
NT

! "2

: ð6Þ

Written in this form, all terms in the equation can be derived
directly from the HIRDLS measurements. Kelvin wave
modes are isolated as a function of w and k using the Salby
method. This defines the monthly averaged temperature
amplitude as a function of wave number and frequency and
height ~T (k, w, z) for each mode resolved in the Kelvin wave
band. The vertical structurem is estimated with two methods.
In the first method, we compute the vertical variation in ver-
tical wave number m(z) for each mode using an S‐transform
wavelet‐type analysis, and estimate momentum flux with (6).
In the secondmethod, we estimatem(z) using the Kelvin wave
dispersion relation,

m zð Þ ¼ N zð Þk= !$ U zð Þkð Þ; ð7Þ

where U(z) is the zonal wind and N(z) is the buoyancy fre-
quency. This second method requires supplementary wind
information, that we get from the zonal mean of the NCEP
reanalysis. The result gives monthly mean momentum flux as
a function of height and time. In both cases, results are
averaged over 5°S–5°N latitudes. We also compute the force
on the mean flow F, which is related to the vertical derivative
of the flux,

F ¼ $1
!

@M
@z

: ð8Þ

[22] Momentum fluxes derived from the two different
methods are compared in Figure 8 at an altitude of 18 km, just
above the tropopause. The results of both methods are very
similar, and differ by ∼20%. The force profiles derived from
the wavelet method, however, suffer from spectral resolution

limitations. These give sudden jumps in m(z) and also M(z)
(via (6)), so the derivative in (8) shows artificial peaks
wherever m jumps from one value to another. The use of
(7) on the other hand gives more smoothly varying flux
profiles that appear more realistic. We subsequently use this
second method, using (7) to compute m(z) for both the fluxes
and the mean flow forcing. The results are shown as a func-
tion of time and height in Figure 9. This is similar to the
method used in SABER Kelvin wave momentum flux esti-
mates [Ern and Preusse, 2009]. Our momentum fluxes
appear to be somewhat larger than reported in the SABER
analysis, possibly because the improved vertical resolution
of HIRDLS may allow us to see more of the spectrum. The
improved vertical resolution along with the HIRDLS cloud
detection product [Massie et al., 2007] also allows us to study
Kelvin waves at lower altitudes, closer to the tropopause,
where the fluxes are larger.

4.4. Kelvin Wave Forcing of the QBO
[23] The momentum fluxes in Figure 9 show dramatic

decreases with height as the waves approach the zero wind
line associated with the descending westerly winds with time
(dashed lines in Figure 9). From (8), the force (Figure 9,
bottom) correspondingly shows Kelvin wave participation in
driving the descent of the westerly wind phase of the QBO.
The force is only very weak or absent during peak westerly
winds as expected from theoretical understanding of the
wave driving of the QBO [Plumb, 1977;Holton and Lindzen,
1972]. We compute the fractional contribution of Kelvin
waves observed with HIRDLS to driving the QBO wind
acceleration at the equator. The total force is estimated using
a one‐dimensional approach suitable for Kelvin waves as
the sum of the observed zonal wind acceleration ∂U/∂t and
the vertical advection of the wind w* ∂U/∂z and shown in

Figure 8. Comparison of two methods for computing Kel-
vin wave momentum fluxes at 18 km altitude. Both methods
compute the flux from the observed temperatures and Fourier
analyzed k using (6). The dotted line uses a wavelet method to
determine m(z) while the solid line uses the dispersion rela-
tion (7) to compute m(z) using the Fourier analyzed w and
NCEP zonal winds.

Figure 9. (top) Time‐height changes in Kelvin wave
momentum flux and (bottom) the force on the mean flow
due to dissipation of this flux. The dashed white lines show
the zero wind line associated with descending westerly
winds in this altitude region where the QBO dominates the
circulation.
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Vertical	  wavenumber	  from	  
the	  Kelvin	  wave	  dispersion	  
relation:	  

Force	  driving	  the	  QBO:	  

Force	  derived	  from	  
HIRDLS	  temperatures:	  	  
	  
Kelvin	  waves	  provide	  
50%	  of	  the	  total	  force	  
needed	  to	  drive	  descent	  
of	  QBO	  westerlies	  
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Kelvin	  Waves	  

HIRDLS	  Kelvin	  Waves	  
near	  the	  tropopause	  

Longitude-‐=me	  Kelvin	  wave	  
perturba=ons	  at	  the	  equator.	  
	  
Annual	  cycle	  with	  maximum	  
amplitudes	  in	  Boreal	  summer	  at	  
this	  al=tude,	  gives	  way	  to	  QBO	  
cycle	  above	  ~18	  km.	  
	  
Largest	  perturba=ons	  o\en	  
appear	  over	  equatorial	  Africa	  and	  
Indian	  Ocean.	  
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Eliassen-‐Palm	  Flux	  from	  HIRDLS	  
Generalized	  formula	  for	  all	  HIRDLS-‐resolved	  tropical	  modes	  

X - 4 ALEXANDER ET AL.: TROPICAL WAVE EP FLUX

A method for estimating tropical wave EP-Flux directly from satellite infrared limb-32

sounding measurements with no supplementary information. Infrared measurements only33

extend to cloud tops, so formulas involving geopotential require supplementary tropo-34

spheric temperature data.35

HIRDLS data span 3 years of nearly continuous measurements at high vertical reso-36

lution and high along-track spatial sampling that provide unprecedented measurements37

for stratospheric equatorial waves studies. Previous work derived momentum fluxes and38

divergences for Kelvin waves in the tropical tropopause transition layer and lower strato-39

sphere and note annual and interannual variations and relationship to zonal mean wind40

variations [Alexander and Ortland , 2010].41

Here we examine seasonal and interannual variations in the spectrum of EP flux over42

the 3-year period of the HIRDLS data.43

We further test MERRA reanalysis data against HIRDLS.44

2. EP Flux from HIRDLS temperatures

2.1. Derivation of F (z) on the sphere

Following notation in ?, the vector Eliassen-Palm flux [?] is:

F (z) = ρacosθ
[

Z̄

N2
v′Φ′

z − w′u′

]

(1)

F (y) = ρacosθ
[

ūz

N2
v′Φ′

z − v′u′

]

(2)

We seek a form written in terms of temperature anomalies that can be applied to HIRDLS

temperature measurements. For small perturbations, we assume wind and geopotential

have the form, e.g.

u′ = Re[ûexp(−iωt + isλ+ φ(θ, z))]. (3)

D R A F T August 23, 2015, 5:52pm D R A F T
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Neglecting shear ūz we can write the momentum, thermodynamic, and continuity equa-

tions as,

−iω̃û− Z̄v̂ + ikΦ̂ = 0 (4)

−iω̃v̂ + fû+ Φ̂y = 0 (5)

−iω̃Φ̂z +N2ŵ = 0 (6)

ikû+
(v̂cosθ)φ
(acosθ)

+ (ŵz −
ŵ

H
) = 0 (7)

where (û, v̂, ŵ) = vector wind amplitude; Φ̂ = geopotential amplitude, ω̃ = ω − sū is in-45

trinsic frequency, Z̄ = f−(acosθ)−1(ūcosθ)φ is zonal mean vorticity, f̄ = f+(ūtanθ)/(2a)46

is a modified Coriolis frequency, a = Earth radius, λ = longitude, θ = latitude, y = aθ,47

k = s(acosθ)−1, z = −H log(p/p0), and H = scale height.48

Solving in terms of geopotential amplitude (Φ̂):

F (z) =
ρs

2N2
Re[iΦ̂Φ̂∗

z] (8)

F (y) =
ρs

2(ω̃2 − f̄ Z̄)
Re[iΦ̂Φ̂∗

y] (9)

For a single mode, we can write the y and z phase dependence as,

φ(y, z) = exp(imz + φ0(y)), (10)

where we have neglected additional slow vertical variations, retaining only the wave parts49

assuming them to be much stronger locally.50

D R A F T August 25, 2015, 10:00pm D R A F T

ALEXANDER ET AL.: TROPICAL WAVE EP FLUX X - 5
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sounding measurements with no supplementary information. Infrared measurements only33

extend to cloud tops, so formulas involving geopotential require supplementary tropo-34

spheric temperature data.35

HIRDLS data span 3 years of nearly continuous measurements at high vertical reso-36

lution and high along-track spatial sampling that provide unprecedented measurements37

for stratospheric equatorial waves studies. Previous work derived momentum fluxes and38

divergences for Kelvin waves in the tropical tropopause transition layer and lower strato-39

sphere and note annual and interannual variations and relationship to zonal mean wind40

variations [Alexander and Ortland , 2010].41

Here we examine seasonal and interannual variations in the spectrum of EP flux over42

the 3-year period of the HIRDLS data.43

We further test MERRA reanalysis data against HIRDLS.44

2. EP Flux from HIRDLS temperatures

2.1. Derivation of F (z) on the sphere

Following notation in ?, the vector Eliassen-Palm flux [?] is:

F (z) = ρacosθ
[

Z̄

N2
v′Φ′

z − w′u′

]

(1)

F (y) = ρacosθ
[

ūz

N2
v′Φ′

z − v′u′

]

(2)

We seek a form written in terms of temperature anomalies that can be applied to HIRDLS

temperature measurements. For small perturbations, we assume wind and geopotential

have the form, e.g.

u′ = Re[ûexp(−iωt + isλ+ φ(θ, z))]. (3)
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ŵ

H
) = 0 (7)
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Substituting, and noting that under these assumption, Φ̂ = (g/im)(T̂ /T̄ ) we can show

that

F (z) =
ρs

2m

g2

N2

|T̂ |2

T̄ 2
(11)

F (y) =
ρsg2∂yφ

2m2(ω̃2 − f̂ Z̄)

|T̂ |2

T̄ 2
(12)

Assumptions: Zonal propagation, neglect ūz, and m2 >> 1/(2H)2 and ∂yφ = ∂yφ0 have51

only slow vertical variation as well.52

2.2. HIRDLS Analysis Method

3. HIRDLS EP Flux Spectra in the TTL

3.1. Mean spectrum

3.2. Seasonal variations

3.3. Interannual variations

4. EP Flux from MERRA Reanalysis Data

5. Discussion

6. Conclusions

Acknowledgments. Support for this work was provided by the NASA program Atmo-53

spheric Composition: Aura Science Team, contract # NNH11CD32C. Support for JHK54

was provided by the NASA ATTREX project # NNA10DF70C55
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wave	  properties	  

All	  observed	  by	  
HIRDLS	  and	  zonal	  
mean	  wind	  from	  
reanalysis	  
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Eliassen-‐Palm	  Flux	  from	  HIRDLS	  
Compute	  m(z)	  for	  vertical	  EP-‐Plux	  F(z)	  with	  S-‐Transform	  

Single	  Mode	  (s,	  ω)	   Amplitude	  (m,z)	  

X - 6 ALEXANDER ET AL.: TROPICAL WAVE EP FLUX

Substituting, and noting that under these assumption, Φ̂ = (g/im)(T̂ /T̄ ) we can show

that
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Assumptions: Zonal propagation, neglect ūz, and m2 >> 1/(2H)2 and ∂yφ = ∂yφ0 have51

only slow vertical variation as well.52

2.2. HIRDLS Analysis Method

3. HIRDLS EP Flux Spectra in the TTL

3.1. Mean spectrum

3.2. Seasonal variations

3.3. Interannual variations

4. EP Flux from MERRA Reanalysis Data

5. Discussion

6. Conclusions

Acknowledgments. Support for this work was provided by the NASA program Atmo-53

spheric Composition: Aura Science Team, contract # NNH11CD32C. Support for JHK54

was provided by the NASA ATTREX project # NNA10DF70C55

D R A F T August 25, 2015, 10:00pm D R A F T

[Stockwell	  et	  al.	  1996]	  
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Vertical	  EP	  Flux	  in	  MERRA	  100hPa	  

With	  MERRA	  winds	  
and	  temperatures	  

MERRA	  temperatures-‐only	  
sampled	  like	  HIRDLS	  

•  Equatorial	  Rossby	  modes	  are	  severely	  under-‐represented	  with	  
T	  only	  

•  Method	  is	  localized	  in	  height	  by	  using	  S-‐Transform	  to	  compute	  
m(z),	  but	  not	  localized	  to	  an	  individual	  level.	  	  
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Substituting, and noting that under these assumption, Φ̂ = (g/im)(T̂ /T̄ ) we can show
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Assumptions: Zonal propagation, neglect ūz, and m2 >> 1/(2H)2 and ∂yφ = ∂yφ0 have51

only slow vertical variation as well.52

2.2. HIRDLS Analysis Method

3. HIRDLS EP Flux Spectra in the TTL

3.1. Mean spectrum

3.2. Seasonal variations

3.3. Interannual variations

4. EP Flux from MERRA Reanalysis Data

5. Discussion

6. Conclusions

Acknowledgments. Support for this work was provided by the NASA program Atmo-53

spheric Composition: Aura Science Team, contract # NNH11CD32C. Support for JHK54

was provided by the NASA ATTREX project # NNA10DF70C55
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A method for estimating tropical wave EP-Flux directly from satellite infrared limb-32

sounding measurements with no supplementary information. Infrared measurements only33

extend to cloud tops, so formulas involving geopotential require supplementary tropo-34

spheric temperature data.35

HIRDLS data span 3 years of nearly continuous measurements at high vertical reso-36

lution and high along-track spatial sampling that provide unprecedented measurements37

for stratospheric equatorial waves studies. Previous work derived momentum fluxes and38

divergences for Kelvin waves in the tropical tropopause transition layer and lower strato-39

sphere and note annual and interannual variations and relationship to zonal mean wind40

variations [Alexander and Ortland , 2010].41

Here we examine seasonal and interannual variations in the spectrum of EP flux over42

the 3-year period of the HIRDLS data.43

We further test MERRA reanalysis data against HIRDLS.44

2. EP Flux from HIRDLS temperatures

2.1. Derivation of F (z) on the sphere

Following notation in ?, the vector Eliassen-Palm flux [?] is:

F (z) = ρacosθ
[

Z̄

N2
v′Φ′

z − w′u′

]

(1)

F (y) = ρacosθ
[

ūz

N2
v′Φ′

z − v′u′

]

(2)

We seek a form written in terms of temperature anomalies that can be applied to HIRDLS

temperature measurements. For small perturbations, we assume wind and geopotential

have the form, e.g.

u′ = Re[ûexp(−iωt + isλ+ φ(θ, z))]. (3)
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Eliassen-‐Palm	  Flux	  Spectrum	  
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Substituting, and noting that under these assumption, Φ̂ = (g/im)(T̂ /T̄ ) we can show

that
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Assumptions: Zonal propagation, neglect ūz, and m2 >> 1/(2H)2 and ∂yφ = ∂yφ0 have51

only slow vertical variation as well.52

2.2. HIRDLS Analysis Method

3. HIRDLS EP Flux Spectra in the TTL

3.1. Mean spectrum

3.2. Seasonal variations

3.3. Interannual variations

4. EP Flux from MERRA Reanalysis Data

5. Discussion

6. Conclusions

Acknowledgments. Support for this work was provided by the NASA program Atmo-53

spheric Composition: Aura Science Team, contract # NNH11CD32C. Support for JHK54

was provided by the NASA ATTREX project # NNA10DF70C55
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Vertical	  EP-‐Plux	  F(z)	  

HIRDLS	  Spectrum	  16-‐18km	  
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Eliassen-‐Palm	  Flux	  Spectrum	  
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Substituting, and noting that under these assumption, Φ̂ = (g/im)(T̂ /T̄ ) we can show
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Assumptions: Zonal propagation, neglect ūz, and m2 >> 1/(2H)2 and ∂yφ = ∂yφ0 have51

only slow vertical variation as well.52

2.2. HIRDLS Analysis Method

3. HIRDLS EP Flux Spectra in the TTL

3.1. Mean spectrum

3.2. Seasonal variations

3.3. Interannual variations

4. EP Flux from MERRA Reanalysis Data

5. Discussion

6. Conclusions

Acknowledgments. Support for this work was provided by the NASA program Atmo-53

spheric Composition: Aura Science Team, contract # NNH11CD32C. Support for JHK54

was provided by the NASA ATTREX project # NNA10DF70C55
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Vertical	  EP-‐Plux	  F(z)	  

HIRDLS	   MERRA	  sampled	  like	  HIRDLS	  
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Eliassen-‐Palm	  Flux	  Spectrum	  
Vertical	  EP-‐Plux	  F(z)	  versus	  time	  
HIRDLS	   MERRA	  sampled	  like	  HIRDLS	  

Equatorial	  Rossby	  	  	  	  	  	  Kelvin	  	  	  	  	  	  	  Inerca-‐gravity	  	  	  	  	  	  	  Tides	  

•  Primary	  difference	  appears	  in	  the	  inerca-‐gravity	  wave	  band.	  
•  HIRDLS	  fluxes	  are	  50%	  larger	  and	  rival	  Kelvin	  wave	  fluxes	  at	  =mes!	  
•  Why	  aren’t	  these	  large-‐scale	  wn=1-‐6	  waves	  beher	  represented?	  
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Wave	  Vertical	  Structure	  

Observation vs. MERRA reanalysis 

MERRA Sonde MERRA 

30 % 

70% vertical spectrum is missing! 

Half spectrum is at unresolvable scales  
in current reanalyses! 

MERRA 

 Long vertical wavelengths are dominant in the troposphere. 
 TTL has enhanced spectrum with shallow scales. 
 Over half of vertical spectrum comes from λz< 2.4 km (resolution limit). 

Temperatures from 5 radiosondes over 24 years  

    4km   2km            1km 

Peak 
4.2 km 

Resolution limit 

53 % 

Half spectrum is at unresolvable scales  
in current reanalyses! 

MERRA 

 Long vertical wavelengths are dominant in the troposphere. 
 TTL has enhanced spectrum with shallow scales. 
 Over half of vertical spectrum comes from λz< 2.4 km (resolution limit). 

Temperatures from 5 radiosondes over 24 years  

    4km   2km            1km 

Peak 
4.2 km 

Resolution limit 

53 % 

Tropical	  radiosondes	  
[Kim	  et	  al.	  2015	  (in	  preparation)]	  

	  
Vertical	  wavenumber	  spectrum	  vs	  height	  relative	  to	  tropopause	  

•  Similar	  result	  for	  ERA-‐Interim	  
•  Short	  ver=cal	  scales	  are	  marginally	  resolved	  even	  in	  today’s	  

ECMWF	  analyses	  
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Precipitation	  Variability	  in	  Reanalyses	  

the longitude–time sections in Figs. 4b and 4c, spectra of
ERA and MERRA are also similar in Figs. 6b and 6c
with weaker spectral densities relative to TRMM (see
also frequency characteristics of power spectra in Fig. 9).
At lower frequencies shown in Figs. 7b,c and 8b,c,

preferred phase speeds of Kelvin, MRG, and Rossby
waves are the same as TRMM. This suggests that the
low-frequency large-scale CCEWs are well represented
in ERA and MERRA. However, they are lacking in
wave signals at frequencies higher than 1 cpd.

FIG. 6. Averaged wavenumber–frequency power spectra of precipitation between 158S and 158N over 2005–07 for
(a) TRMM, (b) ERA, (c) MERRA, (d) NCEP1, (e) NCEP2, and (f) CFSR. Phase speed lines of25,210,218, and
14 m s21 are plotted with dotted lines.

3020 JOURNAL OF CL IMATE VOLUME 26

Kim	  and	  Alexander	  [2013]	  

Wavenumber-‐Frequency	  Spectrum	  of	  Tropical	  Precipitation	  

•  Precipita=on	  variability	  at	  higher	  frequencies	  is	  lacking	  in	  reanalyses	  
•  Indicates	  sources	  of	  tropical	  iner=a-‐gravity	  waves	  are	  under-‐represented	  
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Summary	  &	  Conclusions	  

•  Analysis	  and	  reanalysis	  fields	  somecmes	  show	  large	  
errors	  associated	  with	  misrepresentacon	  of	  tropical	  
waves.	  

	  
•  Wn=1-‐6	  eastward	  and	  westward	  inerca-‐gravity	  waves	  

are	  generally	  under-‐represented	  in	  reanalyses.	  

•  Causes	  of	  these	  errors	  are	  likely	  associated	  with	  
underlying	  model	  verccal	  resolucon	  and	  under-‐
representacon	  of	  precipitacon	  variability.	  
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