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ABSTRACT

A unique analysis is applied to the normal modes of the U.S. Navy’s global operational numerical weather
prediction model to investigate time-varying responses in the tropics and extratrapics to tropical Pacific sea
surface temperature anomalies, With this new analysis, the modes are partitoned according to their latutudinal
variances. This allows the response energy to be separated into tropical and extratropical contributions. The
partitioned responses are denved by grouring those modes whose tractional vanance within a presenised latitudinal
band 6u exceeds some threshold value 3. Since the parameters du and 3 may be chosen arbatrarily, this technique
Zivady increases tie flexability of the normal-mode diagnustic approach.

The partitioned responses reveal distinet differences between the evolution and vertical scales of the dominant
modes in the tropics and extratropics. In the tropics. the structure is dominated by the external mode and a
medium-depth internal mode. The internal mode is determined by the profile of the large-scale divergence and
subsequent rotational wind ( Walker circulation ) response dniven by enhanced convection. In the extratropics,
the dominant structure is equivalent barotropic. The external rotational modes grow rapidly within the extratropics
in a manner that suggests that meridional propagation alone does not fully explain the growth of the extratropical

response.

1. Introduction

This is Part Il of a study investigating global-scale
interactions between the tropics and extratropics using
the normal modes of a global numerical weather pre-
diction (NWP) model. The main objectives of this
study are to demonstrate the rapid response of the
global circulation to tropical forcing anomalies and to
investigate the evolution and dynamic structure of this
response in a sophisticated NWP model. The model
used 1s part of the Navy Operational Global Atmo-
spheric Prediction System (NOGAPS) described by
Hogan and Rosmond (1991).

The analysis in Part 1 (Gelaro 1992, hereafter re-
ferred to as GI) was conducted from a global perspec-
tive, in which the normal modes. in conjunction with
standard difference field diagnostics, were used to an-
alyze the model response to sca surface temperature
{SST) anomalies in the tropical Pacific. It was shown
that the response was dominated by external and me-
dium-depth internal rotational modes that grew rap-
idly. obtaining a significant fraction of their steady-
state amplitudes during the first two weeks of the
simulations. A wavenumber decomposition of the
extratropical wave pattern supported these results. re-

Corresponding author address: Dr. Ronald Gelaro, Naval Researcn
Laboratory. Atmospheric Directorate. Monterey. CA 93943-5006.

‘. 1992 American Meteorological Society

vealing the rapid growth of the pattern between days
7 and 10 of the simulations. The results demonstrated
that the modes could be used effectively to identify and
monitor the growth of the dominant vertical and hor-
izontal structures of the global response. and in some
cases, to make conclusions about the phyvsical processes
involved. These conclusions, however, were limited by
the global nature of the calculations presented in GI.
In this paper. the normal-mode analysis is extended
to investigate separately the tropical and extratropical
components of the responses. This spatial segregation
of the response provides further insights into the re-
sponse mechanisms. In sections 2 and 3. a new tech-
nique is developed whereby the model normal modes
are partitioned according to their latitudinal variances
in order to define the tropical and extratropical con-
tributions to the responsc cnergy. The development of
this technique follows directly from the normal-mode
formulation of a simple expression for the total energy
in the lineanzed model. as described in the Appendix.
In section 4, this partitioning technique is used to an-
alyze the results of the model experiments conducted
in Gl. The reader is referred to sections 2 and 3 of that
paper for a description of those experiments and an
overview of the model response. In section S, sclected
response ficlds are projected onto the modes to cor-
roborate the analysis and 1o provide phyvsical interpre-
tations of the results. Finally, conclusions and suppes-
tions for future researen aie discussed in section 6,
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2. Latitudinal variance

As shown in the Appendix. the energy of a single
normal mode J may be written in the torm

E; = yayal Ay, ]
where
AVESIDIDUN T o7 JAaes

»oon’

+ {8+ DD

f PupLd } (2)

and the limits of integration are written generally for
the purposes of the following discussion. As shown
schematically in (2), A, depends on two factors. Factor
A describes the fractional contributions of the various
forms of energy to the total energy of mode J. while
factor B describes the latitudinal variance of the mode.
As discussed in the Appendix, the structures of the
modes have been normalized such that .\, = | when
E, is equal to the global total energy of mode J. In
that case. (1) reduces to Eq. (1}in Gl

I we consider some component of the total energy
of mode J. £ < E,. then A, can have any value 0
< A, < 1. which may be interpreted as a weight equal
to the ratio £/ E . Since it is independent of the data.
A, thus provides a convenient way to examine the
energetics of the modes in further detail. For example.
from factor A in (2) we see that the fractional contri-
bution of available potential cnergy to the total energy
of mode J is given by

(PH Ay, %
- z I’,,(b" .

H

“

'

(3)

In the present study. factor B in (2) is of primary in-
terest as it can be evaluated within some latitudinal
range éu to obtain the fraction of the total variance of
mode J within that rangc. This information. in turn,
can be used to define a measure of the response cnergy
in that range. Strictly speaking. for arbitrary values of
ou there may be nonzero contributions from those
terms in B for which n # #'. It can be shown, however,
that these terms do not contribute signtficantly to the
variances and are thus neglected in the present context.
A consequence of this simplification is that the inte-
grand in B becomes a pooitive-definite function that
has equal value in the same latitudinal bands in cach
heimisphere. Therefore, care should be taken when se-
lecting éu since: for example, no distinction can be
made between the variance of mode J in the ranges
5°-10°N and 3°-10°S.

We seek a way of using B in (2) to determine whether
mode J contritites to the tropical or extratropicat re-
sponse in the experiments described in GI. For the T47
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model truncation used 1n this study. the functional
vilues of £ are detined on a Gaussian transform grid
that has 72 latitudinal points. For our purposes. we
define the tropics as extending cight Gaussian latitudes
from the equator in both hemispheres. This corre-
sponds to the latitudinal beft between approsimately
19°N and 19°S. The remaining area 1in both hemi-
spheres 1s defined as the extratropics. Accordingh, we
define for cach mode the discrete varance estimates

4
‘\ i/llul\) — ‘\‘: E [l):;l( u, )] W, (4)
no N
and
I8
Iatrops - A e N 5
AW = > N [Plu)tw ()

nor b 48

for the tropics and extratropics. respectivels, where w

is the weight given to the functional value of P at
Gaussian latitude g, ( Abramowitz and Stegun 1965).
with g, the southerninost latitude and g-: the north-
crnmost latitude. The summation over 1 1n (4) thus
encompasses an cquatorially symmetric latnudinal
band with poleward boundaries at w», and gy in the
Southern and Northern hemispheres. respectively. The
summation over ¢ in (5) encompasses two separate
latitudinal bands bounded by g and u-, 1n the Souther

Hemisphere, and by uy< and u-» in the Northern Hemi-
sphere. Note that. with these definitions. the tropical
and extratropical variance factors for mode J are re-
lated to one another by Ay = 1 — A"

3. Partitioning the modes

The values of A7 and A" can be used effec-
tively as a means of classlf_\mg, mode J as tropical or
extratropical. In this way, an estimate of the tropical
energy. for example, can be obtained by computing
the quantity

Larop)

e =% E.

Je 7

(6)

where [, is the total energy of mode J as given by
(A6}, but the sum in (6) includes only those modes
for which A}™" exceeds some threshold value 3 for
tropical modes. This sct of tropical modes 1s denoted
by T and defined formally as

= 1IN = (7)

By defining the tropmal energy as in (6), we have used
the vaiues of A" as selection criteria for tropical
modes rather than as weighting functions = 2 sum-
mation over all modes as might be inferred: for ex-
ample, from ([). In this way. a sharper. but stll real-
istic, separation is obtained between the charactenistics
ol the ropicai ang uxtralropical conaibutions o the
global encrgy. Also. this approach is somewhat casier
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FiG. 1. Values of the variance factors A

(trop)

for the external rotational modes plotted as a

function of their natural periods. The values along the ordinate correspond to the fraction of the

modal variance between [9°N and 19°S.

to interpret physically since each term in (6) accounts
for the total variance of mode J.

Clearly, the key to partitioning the modes as in (7)
is to define a reasonable threshold value 8 for
identifying tropical (or extratropical) modes. Unfor-
tunately, there is no a pnon way o of knowing what
threshold values of A5 and A" adequately sep-
arate the two groups of modes. The most straightfor-

ward approach 1s simply to plot the vanance factors as
a function of the natural frequencies w; of the modes
in order to see where a natural separation mlght exist.

Figures I and 2 show the values of AY™' corre-
sponding to the rotational and eastward gravitational
modes, respectively, for the external (/ = 1) vertical
mode. Again, these values are computed for du ex-
tending from approximately 19°N to 19°S, as given
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FIG. 2. As in Fig. | except for the external eastward gravitational modes.
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by (4). and describe the traction of the total variance
of mode J that occurs within this latitudinal band. The
frequencies are ordered from smatlest to largest ac-
cording to their absolute values. This ordenng 15 from
largest to smallest spatial scales for the gravitational
modes. and from smallest to largest spatial scales for
the rotational modes. As in Gl, we consider all modes
except the zonally symmetric ones corresponding to #i
= (). In both figures. there appears to be a lower cutoff
ilrop) . . . N

near .\ = (.2, indicating that very few modes have
less than 20¢% of their vanance in the tropics. In
other words, there are no purely extratropical modes
[i.e.. values at, or near. A'/"" = 0] according to this
definition. In contrast, note that in both figures there
are modes for which A% is very close 1o one, indi-
cating that nearly all of their variance occurs within
the tropics. The value of the lower cutoff depends. in
part, on the choice of 8u and increases or decreases.
accordingly. In both figures, the values of A" appear
to be organized into discrete bands that arc downward
from left 10 right for the rotational modes in Fig. 1.
and downward from right to left for the castward grav-
itational modes in Fig. 2. Each band represents a family
of modes having the same meridional scale denoted
by the index j, while cach mode in that band. or j
family. corresponds to a different zonal wavenumber
m. There are 47 such families (excluding the zonally
symmetric modes) corresponding to the T47 model
truncation. in which the number of modes varies from
47 forj = 1,down to | forj = 47.

For the rotational modes in Fig. 1. thcj = | family
is the upper-nghtmost band and represents the mixed
Rossby-gravity modes. Many of these modes are trop-
ically trapped as indicated by their relatively large

GELARO 3917
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values of A, 7 . They ! famuls tor the castward
gravitational modes is the upper-lefimost band in b
2 and corresponds to low-frequency Kelvin modes. As
expected, these modes also tend 1o be trapped and have
values close to A} 1 Note that in both figures
those modes with large mendiona! structure (small
values of /) have more of their variance in the Lopies
than those with smaller mendional structure Clarge
values of j). Clearly, there 1s much more informaiton
that can be gleaned from plots of A for vanous ranges
of éu. For example. 11 1s interesting to note that the
rotational modes in Fig. 1 exhibit very little tropical
variance forw,; < 2.3 % 10 *s ' (periods greater than
31 days). At this time. 1t 1s unclear whether there s
some theoretical basis tor this sharp cutoft.

Plots such as those in Figs. | and 2 for the remaining
vertical modes reveal similar patterns for their corre-
sponding frequency ranges. As an example. we show
ia Fig. 3 values of A" corresponding to the eastward
gravitational modes for / = 5. For all vertical modes.
it was generally found that the modes demonstrated a
marked increase in tropical variance for j < 6. Roughly
speaking. most of the modes in these familics have
values of A" > 0.4. Based on these figures. we
adopted the cutoff value AS"' = 0.4 for “tropical”
modes. and A < 0.3 for “extratropical” modes.
Those modes for which 0.3 < A} < (.4 are difficult
to classify as belonging in onc group or the other. and
are thus excluded from the analysis. Note that itis only
necessary to consider A" in order 10 identify both
the tropical and extratropical modes since A" and
AP sum to one, as discussed earlier: that is. A"
< 0.3 is synonymous with AY"™ > 0.7.

It is important to note that, for the threshold values
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FIG. 3. As in Fig. | except for the [ = § eastward gravitational modes.
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TaBLE I. The numbers of rotational (RT). castward gravitational
(EG). and westward gravitational (WG)Y modes classified as “tropicat™
or “extratropical” for each vertical mode { based on the threshold
values AY™ = 0.4 and AP = 0.7, respectively.

Tropical Extratropical
{ RT EG WG RT EG WG
1 204 204 204 748 74X 748
2 203 203 204 746 7% 748
3 05 204 204 744 748 744
4 208 203 204 739 747 741
3 i3 A o 733 740 732
[ 216 212 217 7 733 722
7 217 MM 214 719 729 743
& 224 217 216 709 716 701
9 23 225 R 63K 6UxR 633
1) 238 RES! 234 671 67y 6H3)
1l 241 237 23R 657 H660 631
P2 245 240 RETY 646 fr3s &M
13 246 243 249 634 631 612
14 RAS! 248 233 630 643 6(10)
13 2358 250 239 630 637 604
16 256 254 263 630 634 S9R
17 255 256 263 632 634 396
1R 250 258 27 633 634 393

selected above, the number of horizontal modes of each
type is fairly evenly distributed within each group. Ta-
ble 1 shows the numbers of rotational and eastward
and westward gravitational modes in the tropical and
extratropical gioups for each vertical mode. Roughly
speaking, we see that for / = 8 there are between 200
and 220 tropical modes of each type, and between 710
and 740 extratropical modes of each type for each ver-
tical mode. This ensures that a fair comparison can be
made between the relative contrbutions of each vertical
mode to the tropical or extratropical response energy.
There are. of course. more extratropical modes than
tropical modes because of the difference in the latitu-
dinal ranges du used to define each region. For cach
vertical mode. the two groups account for roughly 85%
of the total number of modes in the complete (global)
set. That is. 15% of the complete set have values (.3
< A} < 0.4, and are not included in either group.
Further justification for the threshold values of
A" and A} selected above are given in the fol-
lowing sections.

4. Tropical and extratropical responses

In this scction. the normal-mode partitioning tech-
nique developed in sections 2 and 3 1s used to analyze
the tropical and extratropical contributions to the
global response energy in the western Pacific SST
anomaly experiment described in Gl Figure 4 shows
the response energy in cach region for all mode tvpes
as a function of vertical mode / for the two S-diy
mean perniods corresponding to davs -3 and davs 21 -
25 ot the imulations, Analogous to the global energs

MONTHLY WEATHER REVIEW
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calculations shown in Gl we plot for cach verucal
mode a normalized response energs that, tor the trop-
ical energy 1 Fig. 44, akes the tonn

Stropn ]

EU e N (81

’ L)~
- Jr,

where the summation includes onh tropical modes that
have equivalent depth /i; (denoted by the set T,) and.
for notational convenience. the superseript 6 used 1n
Gl 1o denote a response ficld is imphed. For the extra-
nopical energy. we plot for cach vertical mode the
quantity £ which we define by analogy to(8) b
summing over only the set of extratropical modes H
and normalizing by the extratropical energy £ 07
The profiles in both regions are qualitatively similar
during days 1-5, with relative maximums at /- 4 and
/ = 16. For the extratropical modes in Fig. 4b. the ex-
ternal modes are aiso relatively energetic duning this
ume. By days 21-25. the external modes dominate the
profiles in both regions. but the relative contributions
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from the medium-depth internal modes now differ
markedly. In the tropics, / = 4 remains the dominant
internal mode. while / = 5 now dominutes tn the ex-
tratropics. In both regions. only modes corresponding
to [ < 6 contribute sigmticantly by this time.

The evolution of the rotativnal-mode energy in the
tropics and extratropics for vertical modes 1-5 is shown
in Fig. 5. Again. the external modes dominate in both
regions, but the importance of / = 4 in the tropics and

= 5 in the extratropics is clearly evident. Interestingly.
the rotational modes appear to grow more rapidly in
the extratropics. This result, combined with the results
in Fig. 12 in GI. which showed that certain modes grow
at preferred locations in the midlatitudes. suggests that
meridionally propagating tropical wave energy does not
completely explain the extratropical response. Also.
note the relatively smooth evolution of the dominant
extratropical modes compared with those in the tropics.
Figure 6 shows that the gravitational modes play a more
important role in the overall encrgy balance in the
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Fi1¢i. 5. The evolution of (a) £ and (b) l'.';"mm forthe / = 1-
5 rotational modes in the Gl experiment. The plotted values corre-
spond to 5-day mcans ending on the days shown along the abscissa.
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F1G. 6. Asin Fig. 5 except for the gravitational modes. Note the
different ordinate scale and smaller energies than in Fig. 5.

tropics but, in the long term. are still roughly an order
of magnitude smaller than the rotational modes.

Since, strictly speaking. the results in Figs. 4-6 reveal
only information about the structure of the responses.
an interesting question s whether the predominant re-
sponse modes in the tropics and extratropics arce ac-
tually of different dynamical origins. The predomi-
nance of the external modes in Fig. Sb is consistent
with the equivalent barotropic structure of the extra-
tropical response (cf. Fig. 8 in GI). In a strongly sheared
environment, this responsc has its maximum amphi-
tude near tropopause level (c.g.. Held 1983). As dis-
cussed 1n GI, however. and shown here in Fig. 7. the
linearization used in the present study viclds an external
mode that is nearly barotropic throughout the tropo-
sphere and thus is inadequate for describing this struc-
ture completely. Thus. the simultancous evolution of
{ = 5 in the extratropics. which has its maximum am-
plitude at approximately 250 mb (Fig. 7). undoubtedly
1s also a marifestation of the growth of the equivalent
barotropic response. This conclusion is confirmed in
section 6.
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FiG. 7. Vertical modes 1, 4. and 5 of the NOGAPS model, based on
the parameter values shown in Table 1 of GI (signs are arbitrary).

In contrast with the extratropics, there is no obvious
barotropic phenomenon in the tropics that explains
the strong external-mode response in Fig. 5a. A growth
mechanism for these modes, however, has been dem-
onstrated by Lim and Chang (1986) (hereafter referred
to as LC), whereby vertical shear acts to produce an
external response from purely internal (e.g., convec-
tive) forcing. LC argue that internal forcing initially
produces an internal-mode respunse with upper-level
divergence and lower-level convergence that, by
stretching the lower atmospheric column and com-
pressing the upper one, leads to an internal-mode ro-
tational response through conservation of potential
vorticity. Over a period of several days, vertical wind
shear acts to couple the internal and external rotational
modes, resulting in a transfer of energy to the latter.
With this in mind, it is interesting to note that the /
= 4 rotational response in Fig. 5a is preceded by a
strong / = 4 gravitational (i.e., divergent) response, as
shown in Fig. 6a. The projection of the gravitational
response onto / = 4 is explained by Fig. 8a, which shows
a vertical profile of the 30-dav mean divergence re-
sponse averaged over the region of anomalous SST in
the GI experiments. The structure of the profile, char-
acterized by a sharp peak with maximum divergence
just below 100 mb, and a deep, but weaker, layer of
convergence below 200 mb that extends to the surface,
is very similar to that of vertical mode 4 (see Fig. 7;
signs are arbitrary). As suggested by LC, a rotational
response develops with similar vertical structure, as in-
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dicated by the growth of / = 4 in Fig. 3a and supported
by Fig. 8b, showing the vertical profile of the 30-day
mean rotational zonal-wind response averaged between
11°N-11°S and 90°-170°W. The profile in Fig. 8b
reveals the enhanced Walker circulation in the central
and eastern Pacific with strong westerlies at upper ievels
and weaker easterlies below. A responee with similar
vertical structure, but opposite sign, occurs to the west
of the SST anomaly in the Indian Ocean ( not shown).

Finally, note that in contrast with the / = 5 response
in Fig, 5b the / = 4 response in Fig. 5a grows slowly
and then fluctuates significantly about some quasi-
steady state. The time scale of these fluctuations is
comparable with that observed in time series of the
model’s convective rainfall (Hogan 1991, personal
communication}. The external modes in Fig. 5a also
grow slowly at first, but then grow much more rapidly
after the second week of the simulation when the
growth at / = 4 has leveled off. Despite the delayed
rapid growth of the external modes, it is puzzling that
there is no observable lag in their initial growth com-
pared with / = 4. This detail may be lost either as a
result of the partitioning procedure [specifically, the
choices for the latitudinal ranges éu used to define (4)
and (3), or the threshold value 3 in (7)] or the temporal
resolution of these results. Another possibility is that
the theory proposed by LC is somewhat oversimplified,
having been derived from a much simpler model.
Nonetheless, the growth rate and magnitude of the ex-
ternal response agree well with those obtained by L.C
and the contrasting character of the growth curves in
Figs. 5a and 5b seems to indicate that the predominant
responses in each region are of different dynamical or-
18NS,

5. Vertical-mode projections

As indicated above, the results in Figs. 4-6 depend
on the variance factors (4) and (5). and in particular,
on the threshold value 8in {7) used to define the subsets
of tropical and extratropical modes. In this section, the
upper-tropospheric streamfunction response is pro-
jected onto the model normal modes. These projections
are done to check the physical plausibility of the par-
titioned responses discussed in section 5. The projec-
tions shown here are totally independent of the parti-
tioning technique used to obtain those results. The
contribution to the response from cach vertical mode
is computed as the difference between the total response
field and a response field for which the normal-mode
amplitudes corresponding to that vertical mode have
been set to zero; that is, a type of linear initialization
is performed. It was decided to use this difterence
method rather than compute the desired projections
directly because of the potential difficulty in recon-
structing the fields from only a single vertical mode.
Projections of the streamfunction response at 50 and
300 mb are presented since they are close to the levels
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FIG. 8. Area-averaged 30-day mean response profiles of (a) divergence in the region of .ncreased SST and (b)
rotational zonal-wind speed over the central and eastern tropical Pacific in the Gl experiment. The profile in (b) may
be thought of as representing the Pacific Walker circulation. Note the similarity of both profiles to the structure of

vertical mode 4 shown in Fig. 7.

of maximum amplitude for vertical modes 4 and 5,
respectively (see Fig. 7).

Figure 9 shows the 30-day mean sticamfunction re-
sponse at 300 mb. The total response is shown in Fig.
9a, while the projections onto vertical modes 1, 4, and
5 are shown in Figs. 9b, 9c, and 9d, respectively. As
expected, the total response in Fig. 9a shows a strong
extratropical stationary wave pattern in both hemi-
spheres and some indication of anomalous equatorial
westerlies in the central Pacific. The extratropical wave
pattern, particularly in the Northern Hemisphere, pro-
jects strongly onto vertical mode 1 (Fig. 9b) as well as
vertical mode 5 (Fig. 9d), in agreement with the results
in Fig. 5b for the extratropical response energy. Fur-
thermore, the results in Fig. 9 confirm that the growth
of /=1 and / = § in Fig. 5b is, in fact, a manifestation
of the equivalent barotropic structure of this response.
For example, note that most of the variance in the
circulation anomalies over North America in Fig. 9a
is accounted for by the projections in Figs. 9b and 9d.
In the tropics, there is a weak, but clearly identifiable,
projection of the equatorial Pacific westerlies in Fig,
9b, while the projection in Fig. 9d has very little am-
plitude anywhere tn the tropics. This is consistent with
the relatively weak contribution from / = 5 in Fig. Sa.
As expected, the projection onto / = 4 in Fig. 9¢ has

considerably less amplitude anywhere at 300 mb in
accordance with the vertical structure of this mode as
shown in Fig. 7.

Figure 10 is the same as Fig. 9, except for a 30-day
mean streamfunction response at 150 mb. Again, the
total response in Fig. 10a shows a strong stationary
wave pattern in both hemispheres, but also has con-
siderably more amplitude in the tropics than the
streamfunction response at 300 mb. This is consistent
with the strong response at / = 4 {which has its max-
imum amplitude near this level) in Fig. 5a and with
the fact that the tropical 2sponse has its maximum
amplitude near tropopause level. In Fig. 10a. anoma-
lous westerlies to the east of the forcing region are
clearly defined by the strong cross-equatorial stieam-
function gradient that extends across most of the Pa-
cific, while there are strong anticyclones to the north-
west and southwest of the forcing. The latter featurcs
are well-known responses to an cquatonally symmetric
heat source (e.g.. Blackmom et al. 1983 Palmer and
Mansfield 1986: Sardeshmukh and Hoskins 1988). The
extratropical wave pattern projects strongly onto ver-
tical mode 1 in Fig. 10b, while the tropical response
features have only weak projection onto this mode.
Note the similarity between the character and ampli-
+ude of the projections in Figs. 9" and [0b, reflecting
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the nearly barotropic structurc of the external modes.  Again. these results clearly support the results in Fig.,
In contrast, +ig. 10c shows that the tropical response  3a showing the strong contribution from { = 4 to the
projects strongly onto vertical mode 4, while the mid-  tropical respons» energy. Conversely. the relative lack
dle- and high-latitude response has much less amplitude  of amplitude in tne extratropies in Fig. 10¢ is in agree-
for this vertical mode. Note. for example, the near ab-  ment with the relatively weak contribution trom /- 4
sence of the North American response in Fig. 10c.  to the extratropical response energy in Fig, Sh. As ex-
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pected. the projection onto vertical mode 5 in Fig. {Od
15 neghigible at 150 mb. In summary, the results in Figs.
9 and 10 support the partitoned responses in Fig. 3.

6. Summary and conclusions

Cilobal-wcale interactions between <he tropies and
extratropics were examined mn torms of the normal

modes of a sophisticated NWP model. A new technigue
was developed whereby the modes were partitioned
weording to their latitudinal variances in order to de-
finc the tropical and extratropical components of the
modci tintal energy. The development of this technique
followed frony a straightforw ard denvation of the maodcd
total energy i normal-maode form, wm whinch the L
tudinal structures of the modes appeared as evphen
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FiG. 10. As in Fig. 9 except at 150 mb.

terms in an integral equation. The partitioned responses
were derived from those modes whose fractional vari-
ance within either region exceeded a predefined
threshold value. We applied this partitioning technique
to analyze the results of a senes of experiments con-
ducted by Gelaro (1992), who used the U.S. Navy’s
operational global forecast model to demonstrate the
rapid atmospheric response to SST anomalies 1n the

tropical Pacific. The analysis revealed the different
structural characteristics of the tropical and extratrop-
ical responses obtained in those expenments, and pro-
vided insight into the mechanisms that govern their
evolution. Furthermore, it showed that the normal
modes are a powerful and flexible tool for diagnosing
the behavior of complicated models.

Both external and internal rotational modes were
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FiG. 10. (Continued)

shown to contribute significantly to the tropical and
extratropical responses. Of particular interest was that
the dominant internal-mode responses projected onto
different vertical modes in each region, with vertical
mode 4 dominating in the tropics and vertical mode
5 dominating in the extratropics. This distinction, in
addition to the different temporal behavior of the trop-
ical and extratropical modes, was indicative of the dif-

ferent dynamical origins of the dominant modes in
each region.

In the extratropics, the internal and external modes
evolved simultaneously throughout the simulations,
with the latter clearly dominating the response. Ver-
tical-mode projections of the upper-tropospheric
streamfunction response confirmed that both modes
were required to resolve the strongly equivalent baro-
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tropic structure of the extratropical response. which
obtained its maxtmum amplitude near ropopause
level. As in the global analysis presented 1o Gelaro
{ 1992). the response evolved rapidhy, with much of us
tong-term character well developed after the first week,
The projection of this response onto vertical mode 3
(which has 1ts maximum amphitude near 230 mb, but
changes sign in the middle troposphere ) docs not itselt
appear to be of any dyvnamical signiticance. Rather.
this seems 10 be an indication that the no-motton basic
state used to derive the modes is a poor approximation
ol the model’s very energetic and strongly sheared
midlatitude basic state. This in no way imvahidates the
applicability of normal modes denived from simple ba-
sic states. as demonstrated by their successtul nse in
nonlincar normal-mode nitialization schemes (v.g..
Andersen 1977: Hogan et al. 1991). as well as in model
diagnostic studies (e.g.. Errico ¢t al. 1988). [t does im-
plyv. however. that care must be taken when interpreting
the physical mechanisms that produce a particular
modal response.

In contrast. the simple basic state used 1n these cal-
culations is a considerably better ( though not optimal)
approximation of the model’s tropical basic state. Ac-
cordingly. the predominance ot vertical mode 4 in the
tropics was shown to be dvnamically significant. being
entirely consistent with the structure of the large-scale
divergence and zonal-wind fields there. The strong re-
sponses at this vertical scale in both the gravitational
and rotational modes appeared to agree with the results
of Lim and Chang ( 1986}, who showed that convective
heating can produce a hierarchy of internal-mode re-
sponses culminating in a transfer of energy to the ex-
ternal rotational modes. However. it was not possible
to verify this completely from the results presented here.
Nonetheless. the refatively stower and more vanable
evolution of the rotational response in the tropics was
in clear contrast with the smooth and surprisingly rapid
evolution of the extratropical response.

It is important to bear in mind that the results of
this analysis (as well as the success of the partitioning
method itselt) depend on the latitudinal ranges au used
to define the variance factors AY™" and A", and
on the threshold values 8 used to define the tropical
and extratropical modes. Although the values chosen
tor these parameters yielded physically reasonable re-
sults (as verified. for example. by the streamfunction
projections in section 6). additional work s required
to investigate the robustness of these results and their
sensitivity to the aforementioned parameters. In par-
ucular. by choosing geographically separated latitudinal
ranges 1o define the tropics and eastratropics (rather
than having a common latitudinal boundary at 19°1n
cach hemisphere), or by using nore stringent threshold
values for grouping the modes, we might minimize the
risk of “*'smearing™ the responses in each region. Other
improvements., including additional simulations and
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greater sampling reselution than the S-day means pre-
sented here, might also resobve some of these issues.
Despite these hmitauons, the results clearly demon-
strate the usetulness ol the normal modes as duagnostic
tools that. because of the mclusion of normal-maode
mitializaton schemes in most global forecast madels,
cun be readily developed.
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APPENDIEN
Normal-Mode Energetics in NOGAPS

In g continuous hinear ssstem. the total hinete phus
avaitable potential energy I per unit mass can be writ-
en

N

] l bl
t LY J(.| Jn

where ¥ is the streamfunction. X s the veloaity poten-
tial. & is the geopotential. and « 1s a differential operator
of the vertical coordinate o (Ernico 1987). The vanables
A and g are the longitude and sine of the latitude. re-
spectively. and €7 1s the horizontal Laplacian operator
in spherical coordinates.

For our purposes. we seek the normal-mode trans-
form of (A1), Because the NOGAPS model s spectral
in both horizontal dimensions and uses vorticity ¢and
divergence D as the dependent vanables for the veloaity
field ¢ Hogan and Rosmond 1991). an appropriate form
of (A1) for this study 18
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inwhich ¢, D oand &) are spherical harmonie coet-
ficients: P00 1s an associated Legendre polynomial of
degree mand order o, 5w /it 4 1y denves from
the speetral form of the Laplacian operator, where
1s the radius of the carth: and an asternish denotes
a complex conjugate. The factors b V20 and «
- V297¢” are dimensional constants in which € is the
angular velooity of the carth. In obtaiming (A2) we
have utilized the orthogonal relationship between
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Founer functions with unlike indices and the condition
that; for example, {,” = {7'* for real ¢.

To obtain the normal-mode representation of (A2),
we expand the dependent variables in the form

= i 157
(&7, DY q);n)T = Z Z alannzla

[

(A3)

where the superscript T denotes a transpose, «, 1s the am-
plitude of mode J, B, = ({2, D2, ®2)7 are horizontal
structure functions, z; is a vertical structure function,
and §/ is the matrix

—Qaln(n + )/gh]"?

S|, = 0
0
0 0
iQaln(n + 1)/gh}"? 0 (A4)
0 1

which ensures that the modes are obtained from a real.,
symmetric system (Hogan et al. 1991). where g is
gravity and #, is the equivalent depth. The subscript J
denotes the index set (/, m1, j) so that each normal
mode is uniquely identified by its vertical mode /, zonal
wavenumber m, and meridional index j. The sum-
mation over /in {A3) includes all vertical modes, while
the summation over j includes all meridional com-
ponents with zonal wavenumber m.

If we consider the energy of a single mode J, then
(A2),(A3), and (Ad4) may be combined in the form

E =yl S S [@»z&»ft +EIEI £ DIDI

i
Xf I’Z'Pii'fdu], (A5)
-1

where vy = Q%*/2gh, gives E, dimensions of energy
per unit mass. The structures of the modes have been
normalized such that the summation on the right side
of {A5) is unity when FE, is equal to the glohal total
energy of mode J. In that case, there are nonzero con-
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tributions from only those terms for which n = n’ and
{AS) reduces to the simple form

E, = yayal. (A6)
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