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Abstract. Aircraft-based meteorological and chemical measurements from NASA’s
Pacific Exploratory Missions provide a suitable database for studying the climatology
of horizontal wavenumber spectra in the troposphere overlying an ocean. The
wavenumber spectra of trace gas and meteorological quantities aid in identifying the
physical processes producing atmospheric structures as well as provide diagnostics
for general circulation models. Flight segments were distributed over altitudes
ranging from about ~ 50 m to 13 km and 70°S to 60°N in latitude. The spectra
were averaged according to altitude and latitude regions. The wavelength range
covered was typically ~ 0.5-100 km. Quantities processed in this way were
horizontal velocity, potential temperature, specific humidity, and the mixing ratios
of ozone, methane, carbon monoxide, and carbon dioxide. Spectral power and
slope (in log-log coordinates) corresponding to the wavelength regime of 6-60 km
were tabulated for those measured quantities. The spectral slopes of horizontal
velocity and potential temperature were generally close to —5/3 with no transition
to a steeper slope at short wavelengths as seen in some other studies. Spectral
slopes of the tracer species also ranged around —5/3. This agreement in form of the
dynamical and tracer spectra is consistent with both the gravity-wave advection and
quasi two-dimensional turbulence models. In the upper troposphere the spectral
power for all quantities except specific humidity tended to be greater at latitudes

higher than 30° compared to latitudes lower than 30°. This latitudinal trend
confirms the earlier results of the Global Atmospheric Sampling Program.

1. Introduction

The atmosphere is full of structure at all length and
timescales. The study of the coupling across different
scales is one of the ever-present challenges of atmo-
spheric research; it is a key issue both on a fundamental
level and also for applied problems. However, because
of the simultaneous existence of multiscaled structure,
it is difficult to unravel the interactions between them.
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One useful approach is to transform space and time
data into wavenumber and frequency domains, effec-
tively decomposing the observation into the parts of its
sum, so to speak. One can then compare the distribu-
tion of variance density across the wavenumber and fre-
quency spectra to theoretical predictions that are based
on different physical models. Perhaps the most famous
example of a successful match between such a spectral
model and observation is the k~%/3 wavenumber power
law predicted by Kolmogorov [1941] for homogeneous
isotropic turbulence. In this case, the prediction of a
—5/3 power law results simply from dimensional anal-
ysis, and the proposition that within a certain length-
scale regime (called the inertial subrange) kinetic en-
ergy cascades down from large to small eddies without
any loss/gain to/from potential energy. The ideas of
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universal similarity popularized by Kolmogorov in de-
riving this spectral form have been applied to describe
the characteristics of not only atmospheric turbulence
but also of oceanic structures and even of fluctuations
in the galactic interstellar medium that span over 12
decades in spatial scale [Gibson, 1991].

But however ubiquitously the —5/3 power law might
appear in wavenumber spectra, three-dimensional tur-
bulence is not necessarily the underlying mechanism
producing it. For example, the horizontal wavenum-
ber spectra of kinetic energy in the Earth’s atmo-
sphere exhibit a k~5/3 behavior at scales of tens and
hundreds of kilometers [e.g., Lilly and Petersen, 1983]
where stratification prevents the vertical development
of turbulent eddies anywhere close to those scales. To
explain these observations, Dewan [1979] proposed a
gravity-wave cascade, while Gage [1979] and Lilly [1983]
invoked quasi two-dimensional (stratified) turbulence.
Other observations have yielded steeper log-log spectral
slopes [e.g., Myrup, 1968], which have provoked expla-
nations using buoyancy-modified turbulence [Bolgiano,
1962; Shur, 1962; Lumley, 1964; Weinstock, 1978]. More
recently gravity-wave theories have been developed for
horizontal wavenumber spectra via a similitude ap-
proach and a wave cascade [Dewan, 1991}, a saturated
cascade [Dewan, 1994, 1997), linear-instability satura-
tion with separable vertical wavenumber and frequency
spectra [Gardner et al., 1993] and diffusive filtering
[Gardner, 1994]. The quasi two-dimensional turbulence
ideas have also been further developed for wavenumber
spectral predictions [e.g., Mahalov et al., 1998].

For chemical modelers, spatial variability studies such
as this one provide a real measure of the fluctuation
power at different length scales. At this point in time,
even the state-of-the-art atmospheric chemical mod-
els work on spatially averaged quantities inside a box
with fairly large dimensions. For example, a three-
dimensional chemical transport model by Miiller and
Brasseur [1995] uses a 5°x5° latitude-longitude grid
with a vertical resolution of 1-2 km in the upper tropo-
sphere. Given the high degree of spatial variability in
the meteorological and trace gas quantities inside such
a box, modelers need to begin taking into account these
inhomogeneities. Chemical reaction rates can be highly
nonlinear, so the output of an averaged input quantity is
not necessarily equal to the averaged output of multiple
inputs at finer resolution. Such resolution dependency
has shown up quite strongly in model calculations of
chemical ozone loss [Edouard et al., 1996]. Recently,
Sparling et al. [1998] used measured subgrid-scale vari-
ance in ClO concentration to estimate the error caused
by model calculations that are too coarse to explicitly
include such effects. Another good example of this kind
of nonlinearity is the dependence of ozone production
rate on NO,, where the rate is positive for an interme-
diate range of NO, mixing ratios but negative for values
outside of that range [Brasseur et al., 1996]. Using an
average value of NO_, abundance within the model box
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would not produce the correct ozone production rate
if there is variability of NO, within the box. Statisti-
cally formed spatial variability spectra of trace gas and
meteorological variables could then be used to parame-
terize the length-scale problem, much like gravity-wave
spectra are used as inputs to general circulation mod-
els. Measured tracer spectra are also being used as a
diagnostic for high-resolution general circulation mod-
els [Strahan and Mahlman, 1994].

In this paper we present horizontal wavenumber spec-
tra of zonal and meridional velocities (v and v), po-
tential temperature (6), specific humidity (g), ozone,
methane, carbon monoxide, and carbon dioxide mix-
ing ratios calculated from in situ aircraft measurements
taken during the NASA Pacific Exploratory Mission
(PEM). While the primary purpose of PEM was to pro-
vide an assessment of the atmospheric chemistry over
the Pacific ocean and to study the effects of emissions
from its rim population centers, the large database of
high-resolution dynamical and chemical observations it
produced is amenable to spectral analysis. Since most
of the flights were over the ocean, variability of spec-
tral form due to topographic effects is kept to a min-
imum. However, the wide range in altitudes at which
the aircrafts were flown provides additional information
to previous climatological studies.

Here we will focus on the overall statistical averages
of each spectral quantity and their variation with re-
spect to altitude and latitude. We will comment on
their implications for physical mechanisms in section 5.
In subsequent papers we will explore the relationships
between the various measured quantities and conduct
specific case studies to delve more deeply into the phys-
ical mechanisms that generate the observed spectra.

2. Experiment Description

PEM is part of the NASA global tropospheric ex-
periment (GTE) [McNeal et al., 1983] sponsored by
the Tropospheric Chemistry Program. There have been
three PEMs so far: PEM-West Phase A [Hoell et al.,
1996], PEM-West Phase B [Hoell et al., 1997], and
PEM-Tropics Phase A [Hoell et al., this issue]. (We will
hereafter refer to these three campaigns as PWA, PWB,
and PT, respectively.) PWA and PWB were mainly
conducted over the northwestern Pacific to study the
advection of anthropogenic pollutants from the Asian
continent and rim islands and their impact on atmo-
spheric chemistry especially on ozone and the sulfur
cyclee. PWA was conducted in the fall (1991) when
the lower tropospheric flow tended to be ocean-to-
continent, while PWB was held in the spring (1994)
when the outflow from the Asian continent was max-
imized. PT was conducted in the late summer/fall
(1996) and concentrated on the central and southern
Pacific, which are far away from continental sources of
chemicals and aerosols. All three missions used a DC-8
as their airborne platform; an additional aircraft (P-3B)
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was flown during PT. Figure 1 shows the flight routes
during PEM. Note that the DC-8 and P-3B flew mostly
different tracks during PT; hereafter, we will refer to
the data from the PT DC-8 flights as PTD, and the
data from the PT P-3B flights as PTP.

Typically each flight was composed of several
straight-and-level tracks at different altitudes connected
by steep climbs and descents that were either straight or
spiraling. As the marine boundary layer (MBL) was a
region of interest, each flight usually contained at least
one segment at an altitude ~ 300 m or less. We decided
on an arbitrary segment length of ~ 100 km for the
spectral transform as a good compromise between get-
ting information on longer-scale (~ 1000-km) structures
and obtaining a sufficient number (i.e., more than sev-
eral) of spectra for statistical purposes. This places our
study more in the length regime covered by Bacmeister
et al. [1996] than in the length scales of the Global At-
mospheric Sampling Program (GASP) [Nastrom and
Gage, 1985]. Table 1 gives the distribution of the num-
ber of straight-and-level flight segments with respect to
altitude and latitude. We defined straight-and-level as
a flight segment that remained within £15 m in height
and +7.5° in azimuthal heading. The aircraft naviga-

5699

tion system provided the height (pressure altitude) and
heading data at a 1-Hz data rate. The DC-8 had a
flight ceiling of 12.5 km, while the P-3B had a ceiling
of 8.4 km. Because of this difference in performance,
the altitude distribution of the flight routes also dif-
fered for the two aircraft. For the DC-8, the mode was
at 9 km, whereas it was at 5 km for the P-3B. Figure 2
and Figure 3 show this comparison for PT. The cruis-
ing air speeds increased with height. The DC-8 had air
speeds that varied from ~ 125 m s~! in the MBL to
~ 250 m s~! at the highest altitudes, while the turbo-
prop P-3B air speed ranged from ~ 110 m s~! in the
MBL to ~ 160 m s~! at its highest heights.

Of the atmospheric parameters measured during
PEM, we chose for this study dynamical and thermal
observations as well as trace gas measurements with
resolution and continuity suitable for spectral analysis.
Hence we have calculated wavenumber spectra of hor-
izontal velocity, potential temperature, specific humid-
ity, and the mixing ratios of ozone, methane, carbon
monoxide, and carbon dioxide.

The times and locations of individual flights as well as
the complete instrumentation lists including technique
used, accuracy, and precision can be found in the ref-

PEM FLIGHT ROUTES
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Figure 1. Map of flight tracks flown during the Pacific Exploratory Missions: PEM-West A
(thin solid line), PEM-West B (thin dashed line), PEM-Tropics A DC-8 (heavy solid line), and

PEM-Tropics A P-3B (heavy dashed line).
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Table 1. Number of Straight-and-Level 100-km Flight Segments Versus

Altitude and Latitude

Latitude Mission z<1km 1-5km 5-11km >11km Total
> 50°N PWA 2 3 27 0 32
PWB 0 5 25 0 30
Total 2 8 52 0 62
30°-50°N PWA 8 28 63 53 152
PWB 30 52 132 17 231
PTD 2 3 32 0 37
PTP 5 21 30 0 56
Total 45 104 257 70 476
10°-30°N PWA 24 38 144 22 228
PWB 24 73 205 0 302
PTD 1 4 24 0 29
PTP 7 12 37 0 56
Total 56 127 410 22 615
10°S-10°N PWA 6 7 34 3 50
PWB 10 3 63 12 88
PTD 7 15 86 10 118
PTP 21 23 29 0 73
Total 44 48 212 25 329
30°-10°S PTD 12 35 174 20 241
PTP 8 37 48 0 93
Total 20 72 222 20 334
< 30°S PTD 9 20 64 1 94
PTP 0 3 9 0 12
Total 9 23 73 1 106

Grand total = 1922.

erences given in this section for PWA, PWB, and PT.
In Table 2 we give the sampling periods and the esti-
mated instrument response times for the data used in
this study. The larger values would then be the effec-
tive time resolution of the data. Here we give a brief
description of each measurement type.

PEM Tropics DC-8 Histogram of Constant-Altitude Segments

-
N

-
o -

Mean Altitude of Segment (km)

Q = N W h OO N O

4] 20 40 60 80 100 120
Number of 100-km Segments

140

Figure 2. Distribution ot straight-and-level 100-km
flight segments versus altitude for the DC-8 during
PEM Tropics A. The altitudes are rounded off to the
nearest kilometer. Thus 0 km includes heights up to
500 m.

Horizontal velocity was calculated from the heading,
ground track, and ground speed data given by the in-
ertial navigation system (Delco Carousel IVA-3 for the
DC-8 and Honeywell YG1854 Laseref for the P-3B) and
the true air speed derived from the total temperature,
static pressure, and differential pressure. Total air tem-

PEM Tropics P-3B  Histogram of Constant-Altitude Segments
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Figure 3. Distribution of straight-and-level 100-km

flight segments versus altitude for the P-3B during PEM

Tropics A. The altitudes are rounded off to the nearest

kilometer. Thus 0 km includes heights up to 500 m.



CHO ET AL.: ATMOSPHERIC HORIZONTAL WAVENUMBER SPECTRA

Table 2. Data Time Resolution
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Parameter PWA PWB PTD PTP
u, v 1s/1s[B] 1s/1 s [B] 1s/1s [B]
0 1s/1s [B] 1s/1 s [B] 1s/1s[B] 1s/1 s [B]
q 1s/2-20s [B] 15s/2-20 s [B] 1s/2-20s [B] 15s/2-20s [B]
Os 2s/0.5-1s[G] 1s/0.5-1s[G] 0.55/0.5-15s][G] 1s/1s[C]
CH,4 5s/1s[S] 1s/1s|[S] 5s/1s[S] 5s/1s[S]
CO 5s/1 s [S] 1s/1s[S] 5s8/1s [S] 5s/1s [S]
CO, 5s/1s[G] 1s/1s[G] 5s/1 s [A] 55/l s [A]

For this and all subsequent tables PWA is PEM-West A, PWB is PEM-West B,
PTD is PEM-Tropics A DC-8, and PTP is PEM-Tropics A P-3B. The number on the
left side of the backslash is the data sampling period, while the number on the right is
the estimated instrument response time. Thus the effective data time resolution is the
greater of the two numbers. See section 2 for further information. Letters in square
brackets denote the principal investigator for the measurement: A is Anderson, B is
Barrick, C is Carroll, G is Gregory, and S is Sachse.

perature was measured with a Rosemount 102 AH2Ag
system, the static pressure with a Rosemount 1201F2
capacitive sensor, and the differential pressure with a
Rosemount 1221F2 capacitive sensor. We estimate the
wind speed error to be about &1 m s~!, most of it com-
ing from the true air speed instruments. Systematic
errors with periods much longer than ~ 15 min were
not a problem in this study, since the data segments
spectrally analyzed were never longer than 15 min.

Potential temperature was calculated from the static
air temperature and the static pressure (0.3% accu-
racy). The static temperature was calculated from
the equation, T = Ti/(1 + 0.2Ma?), where T; was
the total air temperature (1 K accuracy), and Ma =
{5[(pa/p + 1)3/7 — 1]}*/2 was the Mach number calcu-
lated from the differential pressure, pq (0.3% accuracy),
and the static pressure; the effects of dynamic heating
were thus removed [Stickney et al., 1990]. We chose
to use potential temperature instead of temperature to
minimize the influence of aircraft bobbing. However, in
fact, comparisons of temperature and potential temper-
ature spectra showed only slight differences.

Specific humidity was calculated from the static pres-
sure and the dew/frost point temperature. On the P-3B
the dew/frost point was measured by a thermoelectric
chilled mirror two-stage hygrometer (GE 1011B: 223-
323 K range and 0.5-1 K accuracy). During PWA a
three-stage hygrometer (EG&G 300: 198-348 K range
and +1 K accuracy) was used. For PWB and PTD
a composite specific humidity was calculated from the
measurements made by the two-stage, three-stage, and
a cryogenic chilled mirror system (Buck Research CR-
1: 183-303 K range and 0.5-1 K accuracy), which ex-
tended the limit of measurement to the highest levels of
the DC-8 flights. The composite parameter was domi-
nated by the cryogenic data. The response time varied
for each instrument and with dew/frost point. For high
dew points the response time was as fast as 2 s, but for
low dew/frost points it was as slow as 20 s.

Ozone was measured in situ on the DC-8 employing
the NO 4 O3 chemiluminescence principle [Clough and
Thrush, 1967]. On the basis of the sample exchange
rate at sea level, the response time of the probe was
estimated to be ~ 1 s with faster response at higher
altitudes. Samples were taken at 5 Hz then averaged
to the data resolutions given in Table 2. The same
detection principle, although with different hardware
[Ridley et al., 1992], was used in the P-3B ozone instru-
ment. Although the inlet line lengths used on some of
the flights were quite long (~ 7 m), which could have
degraded the effective time resolution via the differen-
tial cross-sectional flow speed within the tube, compar-
ison of spectra for different line lengths showed no ap-
preciable difference in high-wavenumber cutoff behav-
ior. Thus the response time for this instrument also
appeared to be ~ 1 s. Ozone data from both instru-
ments were corrected for water-vapor quenching using
the humidity measurements.

Methane and carbon monoxide were measured with a
diode laser in situ [Collins et al., 1996], using a differ-
ential absorption technique. Again, the response time
was estimated to be ~ 1 s based on the sample exchange
rate. There were quasi-periodic gaps in the data of or-
der 30 s every ~ 10 min due to the real-time calibration
procedure.

Carbon dioxide was measured with a nondispersive
infrared spectrometer [Anderson et al., 1996]. It shared
the gas sampling system with the diode laser. Thus
its response time was also ~ 1 s. Except for PWB,
however, the archived datasets for CO, CH4, and CO,
were 5-s averages.

3. Spectral Analysis Procedure

Each data segment was windowed in the time do-
main with the Hann (sometimes called “hanning”) ta-
per, spectrally transformed using the fast Fourier trans-
form (FFT), then the square of the magnitude taken to
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form the frequency spectrum. The mean was subtracted
from the data prior to windowing to remove any gross
DC bias, but note that the windowing operation gen-
erally reintroduces a slight DC component. The Hann
window was chosen in order to minimize sidelobe lev-
els in the Fourier domain at the expense of degraded
resolution. Since our main interest was in the spectral
form rather than in isolated narrow peaks, this choice
seemed to be the optimal compromise. The sidelobe
suppression was especially critical since we expected
“red-noise” power law spectra that rapidly decayed with
increasing frequency. A rectangular window, for ex-
ample, produces spectral sidelobes that fall off only as
the square of frequency, so a spectrum steeper than an
inverse-square law would be obscured by the window-
ing artifact. We tested our analysis program with in-
puts that consisted of Gaussian white noise convolved
with finite impulse response filters with power law out-
puts and found that it worked well in reproducing the
expected spectral form for power laws as steep as —4.

The number of FFT points taken varied with the data
sampling period, from 1024 for 0.5-s sampling to 128
for 5-s sampling. The idea was to have the time seg-
ments span the space-domain equivalent of ~ 100 km.
If there were any missing data points within the seg-
ment, then it was not used. To provide improved sta-
tistical certainty the frequency spectra were smoothed
by averaging over different altitude and latitude ranges.
They were then transformed to horizontal wavenum-
ber space via Taylor’s hypothesis using the mean air
speed of the averaging period. Taylor’s hypothesis is
valid for turbulence, and it should also work well for
gravity-wave spectra provided that the aircraft speed
was greater than ~ 100 m s™! [Gardner and Gardner,
1993], which was true for all our flight segments. How-
ever, because the air speed was never perfectly constant,
one must expect some “smearing” across the wavenum-
ber bins. Note that this complication also existed for
all past aircraft wavenumber spectral analyses of which
we are aware.

4., Data Presentation

We begin by showing example spectra from each of
the measured quantities. The implications of these ob-
servations will be discussed in the section 5. Spectral
averages were taken with respect to four altitude re-
gions (< 1 km, 1-5 km, 5-11 km, and > 11 km) and
six latitude zones (< 30°S, 30°-10°S, 10°S-10°N, 10°-
30°N, 30°-50°N, and > 50°N). Data from all latitudes
were used in the height-dependent results, but only data
from the 5-11 km altitude bin were used in the latitude-
dependent results. We applied this procedure to min-
imize the injection of height dependency (especially of
the MBL region, which was sometimes quite different
from the free-tropospheric results) into the latitudinal
results. We chose the 5-11 km region because it had
the most number of flight segments (Table 1).
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For horizontal velocity we were limited to data from
the PEM West missions and PTD, because the wind
direction data were not of good quality in PTP. Figure 4
displays the horizontal velocity spectra from PWA in
the MBL. The solid line is zonal and the dashed line
is meridional. Two sample variability bars are included
for the zonal spectrum. They are plus/minus twice the
standard deviation divided by the square root of the
number of spectral averages, i.e., the 95% confidence
limit for a normal distribution. Every spectral figure
hereafter will include these sample variability bars for
the solid line plot. Also, every spectral plot will include
a k=5/3 line as a guide to the eye.

Horizontal velocity spectra from PTD in the lower
troposphere are shown in Figure 5. The spectral slope
is steeper than in Figure 4. This was true for all three
campaigns for which velocity data are available: The
horizontal velocity spectra were steeper in the free at-
mosphere than in the MBL within each campaign. We
shall summarize these kinds of findings in tables later in
the paper. Note that the spectra in Figure 4 extend to
higher wavenumbers than the spectra in Figure 5 even
though the sampling rates were the same for both fig-
ures. This was due to the aircraft flying more slowly
in the MBL and thus effectively reducing the minimum
sampling distance.

In Figure 6 we compare MBL potential tempera-
ture spectra from PTD (solid line) and PTP (dashed
line). The measurements and parameter calculations
were done in the same way, but the platforms were dif-
ferent and the routes flown were not always the same.
Note also that because of the difference in aircraft per-
formance, the height distribution of flight segments
within the 5-11-km range differed markedly between
PTD and PTP (Figure 2 and Figure 3). There is some
difference in the spectral powers at higher wavenum-
bers, but otherwise they are quite consistent. There is
a bigger difference in power at higher altitudes, also at
higher wavenumbers (Figure 7). In general, the poten-
tial temperature spectra had slopes that encompassed
—5/3 within the bounds of statistical uncertainty re-
gardless of aircraft, altitude, or latitude.

Specific humidity is not a good passive tracer be-
cause water vapor can change phase to water and ice.
Nevertheless, spatial variability of humidity is of inter-
est in itself. Although the PTD (solid line) and PTP
(dashed line) spectra in Figure 8 show good agreement,
the PWA and PWB results in the MBL (not shown)
were quite different in power. We believe the peak in
the PTD curve at the high wavenumber end can be at-
tributed to the heating/cooling time constant for the
hygrometers’ chilled mirrors, especially for the cryo-
genic system. Similar peaks showed up at higher al-
titudes (Figure 9) in the PTD data. However, in any
case, the high-wavenumber region (beyond ~ 0.3 km™")
should not be taken at face value because of the slow
and variable response times of the dew/frost point in-
struments, especially at low dew/frost points (generally
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Figure 4. Horizontal wavenumber variance spectra for zonal (solid line) and meridional (dashed
line) wind fluctuations. The title above the plot gives the campaign name, data type, altitude
range, FFT length, and the number of spectral averages, respectively. Two sample variability
bars are shown for the zonal spectrum. They are plus/minus twice the standard deviation divided
by the square root of the number of spectral averages.
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Figure 5. Horizontal wavenumber variance spectra for zonal (solid line) and meridional (dashed
line) wind fluctuations. The title above the plot gives the campaign name and aircraft type, data
type, altitude range, FFT length, and the number of spectral averages, respectively. See Figure 4
caption for further explanations.

5703



5704 CHO ET AL.: ATMOSPHERIC HORIZONTAL WAVENUMBER SPECTRA

PEM Tropics DC-8,P-3B 6 z<1km NF’__’.=512 Nave=54, 85
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Figure 6. Horizontal wavenumber variance spectra of potential temperature for PTD (solid
line) and PTP (dashed line) data. The title above the plot gives the campaign name and aircraft
types, data type, altitude range, FFT length, and the number of spectral averages for the PTD
and PTP data, respectively. See Figure 4 caption for further explanations.

high altitudes). The steepening of the spectral slopes
at high wavenumbers in Figure 9 was most likely the
result of the slowness of the chilled mirror response.
The mixing ratio variance spectra of ozone, which
should be a better passive tracer than water vapor, were

still generally more variable than the velocity and po-
tential temperature spectra but more consistent across
platforms and campaigns than the water vapor spectra.
Figure 10 displays spectra from PWA (solid line) and
PWB (dashed line) in the MBL. They have significantly
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Figure 7. Same as Figure 6, except for an altitude range of 511 km.
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Figure 8. Same as Figure 6, except that the data type is specific humidity.

different forms. Note the extension of the PWB curve
to higher wavenumbers because the finer sampling time
of the data allowed a higher Nyquist limit. In the 1-5-
km range the ozone spectra were more consistent across
platforms and campaigns (e.g., Figure 11). Again, the
difference in the wavenumber range was due to the dif-
ferent data sampling rate. Note, however, the large
spectral peak in the PTD curve at ~ 3 km~!. Because

this spectral feature was only present in the PTD data
(but consistently so), we believe it was an instrumental
or data processing artifact. We are currently investi-
gating this matter.

For the remaining chemical species under analysis
here, the data sampling period was 5 s, except PWB for
which we were provided with a 1-s sample time, which
is expected to be the limit of the instrumental response.
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Figure 9. Same as Figure 8, except for an altitude range of 1-5 km.
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Figure 10. Same as Figure 6, except that the data type is ozone.

Time gaps due to real-time instrumental calibration also
made fewer 100-km segments available. Here we plot
PWB versus PTD specira to compare the results of
the different resolutions. We chose the 5-11-km range
because it had the maximum number of spectra for av-
eraging. Methane mixing ratio spectra are shown in
Figure 12, carbon monoxide spectra are shown in Fig-
ure 13, and carbon dioxide spectra are shown in Fig-

PEM Tropics DC-8, P-3B O3

10° ;

ure 14. We would expect methane and carbon dioxide
to have been excellent tracers because of their long life-
times, and especially in the upper troposphere because
the sources were far away at ground level. (Ozone, how-
ever, had sources on the ground, in the stratosphere,
and in between (lightning).) And we do see that the
consistency of their spectra were good across the differ-
ent campaigns and platforms. The leveling off of the

1km<z<5km NFI-T= 1024, 512 Nave= 82, 90

pectra (ppb\/2 m)

Ozone Mixing Ratio Variance S

T
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Figure 11. Same as Figure 10, except for an altitude range of 1-5 km.
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Figure 12. Horizontal wavenumber variance spectra of methane mixing ratio for PWB (solid
line) and PTD (dashed line) data. The title above the plot gives the campaign names, data type,
altitude range, FFT lengths, and the number of spectral averages for the PWB and PTD data,
respectively. See Figure 4 caption for further explanations.

PWB methane, carbon monoxide, and carbon dioxide Since plotting and displaying all spectra calculated
mixing ratio spectra at k/(2x) > 0.4 km~! was proba- are not possible in journal paper format, we have sum-
bly the instrumental noise floor because it happened marized the results instead by compiling in tables the
consistently at the same power level respectively for two main spectral parameters, power and slope, versus
each species. altitude and latitude. As we have seen above, there were
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Figure 13. Same as Figure 12, except that the data type is carbon monoxide mixing ratio.
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Figure 14. Same as Figure 12, except that the data type is carbon dioxide mixing ratio.

instrumental and data processing artifacts and the hit-
ting of noise floors at high wavenumbers in some of the
measurements. Also, some spectra had k/(27) lower
limits that did not quite reach the nominal target of
0.01 km™!. Therefore we took the spectral integra-
tion and slope fitting over the range 0.0167 km™! <
k/(27) < 0.167 km™! (corresponding to 6-60 km in
wavelength). To determine the slope, we performed a
least squares fit of the spectrum in log-log coordinates
to a straight line. The input error in one dimension was
the standard deviation divided by the square root of the
number of spectral averages, while the input error in
the other dimension was the half-width half-maximum
of the Hann window spectral power function. The re-
sulting uncertainties in the fitted slopes are given in
the tables. We also kept track of the goodness-of-fit
parameter, @, which was the probability that a value
of chi-square as poor as the value for the fit should
have occurred by chance. In the tables we have flagged
slope values that had @ < 0.1 to alert the reader that
a straight line may not have been a good model for the
log-log spectrum in that case.

In making comparisons, one must realize that there
were other variables besides altitude and latitude. The
PWA and PWB campaigns were conducted in the
northwestern Pacific, while the PT flights were mainly
in the central and southeastern Pacific. PWA was held
in the fall, while PWB was in the spring. In some cases
(like ozone), different instruments and data processing
were used. On one hand, these differences made the
comparison of results difficult, but, on the other hand, if

a certain pattern emerged regardless of the differences,
then we could have more confidence that the pattern
was more universal than merely the characteristic of a
certain place, time, instrument, or data processing tech-
nique.

Tables 3 and 4 list spectral power versus altitude.
Some things to note are (1) there was a tendency for
MBL values of horizontal velocity, potential tempera-
ture, and ozone to be lower than the free tropospheric
values, (2) above the MBL there was no systematic
change with height in any of the spectral power quanti-
ties except for specific humidity, (3) above the MBL
the specific humidity spectral powers decreased with
height, (4) the PWA specific humidity spectral powers
were much higher than for the other campaigns, and
(5) from the surface up to 5 km, PTD chemical tracer
spectral powers were the lowest of the four campaigns.

Tables 5 and 6 list log-log spectral slope versus al-
titude. Here we note that (1) the horizontal velocity
spectral slopes tended to be shallower in the MBL than
in the free atmosphere, (2) the horizontal velocity spec-
tral slopes above the MBL were generally close to —5/3
but in some cases were slightly steeper or shallower by
amounts greater than the uncertainty values, (3) the
potential temperature spectral slopes at all heights en-
compassed —5/3 within the bounds of the error bars,
(4) the specific humidity spectral slopes were quite vari-
able with slopes that were significantly steeper than
—5/3 in some cases, (5) the ozone spectral slopes were
generally close to —5/3 but in some cases were slightly
steeper or shallower by amounts greater than the uncer-
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Table 3. Spectral Power of Horizontal Wind, Potential Temperature, and Specific Humidity Versus

Altitude for Horizontal Wavelength Between 6 and 60 km

Height  Mission P, m?s72 P,, m? s~2 Ps, K2 P, 1073 g? kg2
<1km PWA  0.24 £0.02[45] 0.32 4 0.06 [45] 0.058 & 0.027 [56] 1500 £ 1100 [50]
PWB 032 +003[62] 0.54+0.10[62] 0.032 + 0.005 [62] 38 + 5 [55]
PTD  0.20 4+ 0.02 [54] 0.16 £ 0.02 [54]  0.017 + 0.002 [54] 55 + 8 [54]
PTP 0.018 + 0.003 [85] 110 + 20 [85]
1-5km PWA 0294 003[65] 0.38+0.05[65] 0.061 +0.008 [72] 6000 + 3700 [72]
PWB  0.39 4 0.03 [116] 0.46 & 0.05 [116] 0.082 + 0.008 [116] 120 = 40 [108]
PTD 0384 0.04[84] 0.31+0.03[84] 0.088 + 0.015 [84] 130 + 20 [79]
PTP 0.038 + 0.003 [151] 110 % 20 [150]
5-11km PWA  0.41 £ 0.03[212] 0.48 &+ 0.03 [212] 0.044 £ 0.003 [220] 11 % 1 [139]
PWB  0.34 4+ 0.02 [309] 0.41 & 0.02 [309] 0.079 + 0.006 [309] 0.43 + 0.07 [283]
PTD  0.31 £ 0.02 [320] 0.36 £ 0.02 [320] 0.042 & 0.003 [320] 4.2 + 0.6 [310]
PTP 0.040 + 0.003 [203] 24 + 3 [199]
>11km PWA  0.45+004[49] 0.61 +0.12 [49] 0.15 =+ 0.02 [58]
PWB  0.50 + 0.07 [19]  0.47 & 0.07 [19]  0.10 % 0.02 [19] 3.1+ 0.6*[17]
PTD  0.22+0.02([26] 0.24 +£0.03[26] 0.023 £ 0.004 [26] 6.4%% 2.2*23]
PTP . . e .

Numbers in square brackets denote the number of spectra averaged. The uncertainty figures are the
standard deviation divided by the square root of the number of spectral averages for each spectral bin,
which were then carried through the summation process. The ellipses indicate no data.
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tainty values, (6) the carbon monoxide spectral slopes
in the MBL were significantly steeper than —5/3, and
(7) the carbon dioxide spectral slopes with more than 4
spectral averages encompassed —5/3 within the bounds
of the error bars.

Tables 7 and 8 list spectral power versus latitude.
Only data from the altitude range of 5-11 km were used
to minimize the convolution of any height-dependent ef-
fects. Note that (1) the horizontal velocity and poten-
tial temperature spectral powers tended to be greater at

latitudes higher than 30° compared to latitudes lower
than 30°, (2) the specific humidity spectral powers
ranged widely with no discernible pattern, and (3) the
chemical tracer spectral powers generally increased with
latitude.

Tables 9 and 10 list spectral slope versus latitude.
Few patterns were discernible in these tables. Again,
the spectral slopes for horizontal velocity, potential tem-
perature, and ozone did not depart very far from —5/3,
with perhaps a slight preference toward steeper values.

Table 4. Spectral Power of Ozone, Methane, Carbon Monoxide, and Carbon Dioxide Mixing
Ratios Versus Altitude for Horizontal Wavelength Between 6 and 60 km

Height  Mission Pos, ppbv? Pcha, ppbv? Pco, ppbv? Pcoz, 102 ppmv?
<1km PWA 1.9z 0.3 [45] 274£0.7([14] 092 £021[14] 12+ 6[14]
PWB 084 +027(50] 43%1.1[12] 44+17[13] 12 =+ [13]
PTD  022+004[50] 080+0.11[9] 038 +0.12[10] 1.7+0.3[7]
PTP 053 £0.13[53] 16 % 10 [9] 5.6 & 3.8 [10] 6.3 % 3.4 [10]
1-5km PWA 6.3 % 0.7 [70] 79+ 1L7[19] 42+13[19] 11+ 3[12]
PWB 56+ L.1[95] 9.6+ 28[11] 23+ 10 [22] 26 & 5 [15]
PTD 2.5 + 0.3 [82] 1.3+02[14] 1.3+ 0.4 [15] 3.2 + 0.8 [12]
PTP 6.7 + 1.6 [90] 334+05[34] 36+08[37] 11+ 2 [40]
5-11km PWA  67+£05[190] 7.3+09[55] 3.4 0.4 [55] 7.0 £ 1.0 [51]
PWB 21 & 5 [185] 48+ 1.0[39] 35+07[52] 11+ 2[51]
PTD 11 + 2 [300] 3.3+ 06 [45 5.6 £ 1.3 [54] 6.2 £ 1.2 [44]
PTP  364+04[141] 87+12[41] 61+10[49 12+ 5 [49]
>11km PWA 19 + 3 [48] 48+10[12] 23 +06[12] 2.8 % 0.4 [6]
PWB  0.16 £ 0.03[11] 5.3+ 1.3 [2] 0.66 £ 0.12[4] 1.6+ 0.2 [4]
PTD 5.1 1.6[26] 066 +0.22[6] 0.70+023[5] 5.8+ 20 [4]
PTP ... ... .. ...

Numbers in square brackets denote the number of spectra averaged. The uncertainty figures are the
standard deviation divided by the square root of the number of spectral averages for each spectral bin,
which were then carried through the summation process.
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Table 5. Spectral Slope of Horizontal Wind, Potential Temperature, and Specific Humid-
ity Versus Altitude for Horizontal Wavelength Between 6 and 60 km

Height  Mission Su Sy Se Sq
<1km PWA -097+022[45] -1.3+03[45] -22+06[56] -2.6 % 0.6[50]
PWB  -097+£0.16[62] -1.3+0.2[62] -1.7+03[62] -1.7+ 0.3 [55]
PTD -1.5+0.2([54] -16+0.2[54] -20+03[54] -1.8+0.3 [54]
PTP e e -2.1 £ 0.4 [85] -1.8 £+ 0.3 [85]
1-5km PWA -1.21+02[65] -1.9+02[65 -1.7+02[72] -2.7+1.0[72]
PWB -1.5 + 0.2 [116] -1.8 £ 0.2 [116] -1.5+0.2[116] -2.9 + 0.6 [108]
PTD -20402[84] -20+02[84] -1.7+03[84] -1.7+0.2[79]
PTP e e -1.8 +£ 0.2 [151] -1.7 £ 0.3 [150]
5-11km PWA -17+0.1[212] -1.5402[212] -1.640.1[220] -2.1 0.2 [139]
PWB -1.5 & 0.1%[309] -1.8 £ 0.1%309] -1.8 £ 0.1 [309] -2.5 &+ 0.3 [283]
PTD  -21+0.1[320] -2.1+0.1[320] -1.7+0.1[320] -L.5 0.2 [310]
PTP e e -1.6 + 0.2 [203] -1.5 £ 0.3 [199]
> 11 km PWA -1.8 + 0.2 [49] -2.0 £ 0.2 [49] -1.9 + 0.2 [58] e
PWB -1.940.2[19] -1.8+0.2[19] -19+03[19] -2.3+0.4[17]
PTD -15+02[26] -24+03[26] -1.7+0.2[26] -4.2+0.38][23]

Numbers in square brackets denote the number of spectra averaged.

2Goodness-of-fit parameter, @, less than 0.1.

The slopes for methane, carbon monoxide, and carbon
dioxide were more widely scattered, but this was not
unexpected due to the smaller number of spectra that
were available for averaging.

5. Discussion

Above the MBL, our results for horizontal velocity
and potential temperature were in general agreement
with those from GASP, which showed spectral slopes
close to —5/3 in the horizontal wavelength range of 2.6-
300 km [Nasirom and Gage, 1985]. Our results extend
the remarkable universality of spectral power and slope

evident during GASP (which was mainly confined to the
cruising altitudes of commercial airliners) to a range of
altitudes throughout the free troposphere. For example,
the horizontal velocity spectral powers in Tables 3 and
7 were all within a factor of 3, and the potential temper-
ature spectral slopes across all altitudes could be called
—5/3 within their uncertainty ranges. Another recent
study using an extensive aircraft-acquired data set from
the stratosphere indicated a change in spectral slope
from —5/3 to —3 at a wavelength of ~ 3 km [Bacmeis-
ter et al., 1996], with the potential temperature spectral
slope a bit steeper than the horizontal velocity spectral
slope at wavelengths greater than ~ 10 km. Although

Table 6. Spectral Slope of Ozone, Methane, Carbon Monoxide, and Carbon Dioxide
Mixing Ratios Versus Altitude for Horizontal Wavelength Between 6 and 60 km

Height  Mission Sos ScH4 Sco Scoz
<1lkm PWA -0.74 £ 0.14 [45] -2.1+0.4[14] -26+0.4[14] -2.3+1.0[14
PWB -1.9 £ 0.3 [50] -1.8 £ 0.3 [12] -263+0.5[13] -1.5+ 0.2[13]
PTD -1.5+04[50] -14403[9 -29%07[10] -1.5+ 0.3 7]
PTP -1.7 £ 0.4 [53] -2.4 £ 0.7 [9] -30+ 1.0[10] -16+0.5(10
1-5 km PWA -1.4 £ 0.2 [70] -20+04{19] -254+05[19] -2.04+04[12
PWB -1.9 + 0.3 [95] -20+03([11] -2.74+06[22] -1.54+03[15
PTD -1.6 £ 0.2 [82] -1.5 £ 0.3 [14] -1.5+0.2[15] -1.5+0.3[12
PTP -2.2 £ 0.4 [90] -16 £03[34] -194+03[37] -1.74+0.3[40
5-11 km PWA -1.4 + 0.1 [190] -2.6 £0.2[55] -26+0.2[55] -1.6+0.1([51
PWB -2.1 %+ 0.3 [185] -2.0+0.2[39] -20£0.2([52] -1.6+0.2[51
PTD -1.9 + 0.2 [300] -1.6 £ 0.3 [45] -23+£0.3[54] -1.7+0.2[44
PTP -1.8 + 0.2 [141] -1.1+0.2[41] -1.7+£0.3[49] -1.5+ 0.3 [49]
> 11 km PWA -1.6 £ 0.2 [48] -26+04[12] -24+04[12] -1.8 4 0.3 [6]
PWB  -1.6+02[11] -25+02%2] -22+04[4] -2.8+ 0.6%4]
PTD -27+06[26] -1.6+03[6] -20+05[5 -3.3+ 09 [4]

Numbers in square brackets denote the number of spectra averaged.
2Goodness-of-fit parameter, @, less than 0.1.
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Table 7. Spectral Power of Horizontal Wind, Potential Temperature, and Specific Humidity Versus
Latitude for Horizontal Wavelength Between 6 and 60 km

Latitude Mission P,, m?s7? P,, m2s? Py, K2 Py, 10~3 g2 kg2
> 50°N PWA  0.40 +0.07[23] 0.734+0.11[23] 0.062 £ 0.015[24] 16 £ 6 [8]
PWB  0.53 4 0.09 [17] 0.44 +0.05[17]  0.15 £ 0.02 [17] 5.5+ 1.5°15]
30°-50°N PWA 0.63 X+ 0.09 48] 0.72 + 0.09 48] 0.046 4 0.005 [50] 11+ 2 [31]
PWB  0.51+0.04[97] 0.51+0.05[97] 0.12 + 0.01 [97] 0.077 £ 0.013 [81]
PTD 031 +0.06[25] 0.34 +006[25] 0.023 & 0.003 [25 1.1 £ 0.2 [24]
PTP 0.095 + 0.014 [36] 42 + 5 [39)]
10°-30°N PWA 0.33 4+ 0.02 [113] 0.34 £ 0.02 113] 0.042 % 0.004 118] 11+1 [72]
PWB  0.24 & 0.01 [143] 0.35 & 0.02 [143] 0.063 + 0.007 [143]  0.49 % 0.13 [141]
PTD 0.28 &+ 0.06 [20] 0.28 & 0.04 [20] 0.027 £+ 0.005 [20 13 &+ 8 [19]
PTP 0.029 + 0.003 [44] 46 =+ 12 [40]
10°S-10°N PWA 0.32 £+ 0.03 28] 0.38 £+ 0.05 28] 0.040 £ 0.004 |28 12 &+ 3 [28]
PWB 0.25 & 0.02 [52] 0.36 &+ 0.03 [52] 0.018 £ 0.002 [52 0.99 & 0.17 [46]
PTD 0.28 + 0.03 71] 0.27 £ 0.02 [71] 0.028 4+ 0.003 [71 6.5 + 1.6 [71]
PTP 0.034 £ 0.006 [43] 17 + 4 [42]
30°-10°S PTD  0.31 & 0.03 [148] 0.35 & 0.03 [148] 0.049 + 0.005 [148] 3.3 = 0.4 [143]
PTP con cee 0.025 + 0.003 [67 7.9 £ 3.3 [65]
< 30°S PTD 0.41 + 0.04 [56] 0.51 =+ 0.06 [56) 0.059 £ 0.009 [56 1.6 + 0.4 [53]
PTP 0.015 & 0.006 [13 2.0 + 0.6 [13]

Numbers in square brackets denote the number of spectra averaged. The uncertainty figures are the

standard deviation divided by the square root of the number of spectral averages for each spectral bin, which
were then carried through the summation process. Only data from the altitude range of 5-11 km were used.
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the spectral power and slope values in the summary
tables in section 4 covered the wavelength range of 6-
60 km, our full spectral results for horizontal velocity
and potential temperature, which covered a range of
about 0.5-100 km, did not display such break points,
even at altitudes above 11 km. Note that a subset of
GASP spectra did have such a break point (at wave-

lengths of ~ 15 km in the stratosphere and ~ 23 km
in the troposphere), over mountainous terrain in high-
wind conditions [Nastrom et al., 1987]. If a departure
from a —5/3 slope was due to extra energy injected by
orographically generated gravity waves, then the lack of
a break point in our spectra is consistent with the fact
that the PEM flights were conducted over the ocean.

Table 8. Spectral Power of Ozone, Methane, Carbon Monoxide, and Carbon Dioxide Mixing

Ratios Versus Latitude for Horizontal Wavelength Between 6 and 60 km

Latitude  Mission Pos, ppbv? Pcua, ppbv? Pco, ppbv? Pcoz, 107% ppmv?
> 50°N  PWA 14+ 3[22]
PWB 14 % 3 [16] 6.4+ 2.4 [2] 51+18[3 14+4[3
30°-50°N PWA 67 +10[5]] 10+ 3][6] 25+09([6  15+7[6]
PWB 52 % 16 [50] 7.3+ 348 45+2.7[10] 30+ 11 [9]
PTD 20 % 5 [22] 2.9 + 0.4 [4] 9.7 + 2.2 [3]
PTP  43+09[22 23137 28 + 5 [8] 42 + 18 [9]
10°-30°N PWA 6.0 £ 0.5 {95 88+ 1.2 [37 41+ 0.6 37] 6.9 4+ 0.8 34]
PWB 7.5+ 1.7 [78 4.2 + 0.6 [21 3.3+06 23] 6.5 + 0.9 24]
PTD 14 % 6 [20] 0.87 £0.28 [4] 1.140.5[4] 2.8 & 0.5 [5]
PTP 4.0+ 1.01]22 8.4 4 4.0]10 144+ 0.5 14] 50+ 14 13]
10°S-10°N PWA 3.6 &+ 0.3 |22 1.2 4+ 0.1 |12 1.6 +£ 0.3 12] 2.4 4+ 0.2 11]
PWB 11+ 5 [41] 2.6 + 0.4 [8] 2.8+ 06[16] 4.8+ 0.5 [15]
PTD 2.1 4+ 0.2 169 1.1 £ 0.2 7] 0.53 £+ 0.09 [9] 1.3 £ 0.1 6]
PTP 1.4 4+ 0.2 [31 1.9+ 0.2 8] 27+1.0 9] 3.3+ 0.5 9]
30°-10°S PTD 7.6 £ 1.5 141] 3.0 £ 0.7 [22 1.2+ 04 24] 1.3+ 0.1 19]
PTP 43+ 1.0[55] 5.1+09[14] 15+03[15 2.7+ 05]15]
<30°S  PTD 30+ 9 [48] 63+ 1.9[12] 21+ 6[13] 19 + 5 [11]
PTP  51+13[11] 16452 2.1 + 0.9 [3] 3.1+ 1.2 [3]

Numbers in square brackets denote the number of spectra averaged. The uncertainty figures are the

standard deviation divided by the square root of the number of spectral averages for each spectral bin,
which were then carried through the summation process. Only data from the altitude range of 5-11 km
were used.
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Table 9. Spectral Slope of Horizontal Wind, Potential Temperature, and Specific Humidity
Versus Latitude for Horizontal Wavelength Between 6 and 60 km

Latitude  Mission Su Sy Se Sq
> 50°N PWA -1.8 + 0.2 [23] -1.8 + 0.4 [23] -1.9+ 0.3 |24 -1.7 £ 0.3 [8]
PWB -1.7 £ 0.2 [17] -1.9 + 0.2%[17] -2.21+ 03 (17 -29+0.5[15
30°-50°N PWA -2.0 £ 0.2 [48] -1.8 4 0.2 [48] -1.7 £ 0.2 [50 -2.41+04[31
PWB -1.5 £ 0.1 [97] -1.7 £+ 0.1%97] -1.9+ 0.2 |97 -2.5 £ 0.3 |81
PTD -2.3 + 0.2 [25] -2.4 £ 0.2 [25] -1.9 + 0.3 [25 -1.8 £ 0.3 [24
PTP cee cee -1.6 + 0.2 [36 -1.4 + 0.3 [39
10°-30°N PWA -1.6 £ 0.1 [113] -1.6 +£ 0.2 [113] -1.6 4+ 0.1 [118] -2.0 & 0.2 [72
PWB -1.8 £ 0.1%143] -1.9 + 0.1%143] -1.8 + 0.2 [143] -2.6 £ 0.4 [141]
PTD -2.4 £ 0.2 [20] -2.2 + 0.2 [20] -1.8 + 0.2 [20 -3.2 £+ 1.0 [19
PTP e <o -1.7 + 0.3 [44 -2.1 £ 0.5 [40
10°S-10°N PWA -2.0 £ 0.2 [28] -1.7 £ 0.2 [28] -1.7 £ 0.2 [28 -2.5 £ 0.4 [28
PWB -2.0 £ 0.2*52] -2.2 £ 0.2%52] -1.4 £ 0.1 [52 -2.5 4+ 0.4 [46
PTD -2.1 £ 0.2 [71] -2.2 £ 0.2 [7] -1.5+ 0.2 [71 -1.3+ 03|71
PTP e cee -2.2+ 0.3 [43 -1.8 + 0.4 [42]
30°-10°S  PTD  -2.0£0.2[148] -2.1 +0.2[148] -1.7 +0.2 [148] -1.7 & 0.2 [143]
PTP cee < -1.9 £ 0.3 |67 -1.5 & 0.6 [65
< 30°S PTD -2.1+0.2[56] -2.4:+0.2[56] -2.1+0.2[56 -2.0% 0.4 [53
PTP .o ‘e -2.2 & 0.5 [13 -4.1 £+ 0.9 [13

Numbers in square brackets denote the number of spectra averaged. Only data from the altitude

range of 5-11 km were used.
3Goodness-of-fit parameter, Q, less than 0.1.

That the data used by Bacmeister et al. [1996] were col-
lected over both land and ocean is also consistent with
this hypothesis. The situation can also be viewed in the
context of the saturated-cascade gravity-wave theory in
terms of the cascade “set-up time” [Dewan, 1997]. If
the gravity waves encountered by the aircraft predomi-
nantly emanated from a local source (such as mountains
directly beneath the flight path), then the propagating

waves would have had less time to cascade from longer
to shorter scales before reaching the aircraft than if the
waves had originated remotely. The break point, which
presumably marks the end of the wave cascade and the
beginning of a turbulent regime, then would occur at
lower wavenumbers for the local-source case than for
the remote-source case. Thus, assuming that gravity-
wave sources in our case were purely remote, the wave

Table 10. Spectral Slope of Ozone, Methane, Carbon Monoxide, and Carbon Dioxide
Mixing Ratios Versus Latitude for Horizontal Wavelength Between 6 and 60 km

Latitude Mission Sos ScH4 Sco Scoz
> 50°N PWA -1.8 +£ 0.3 [22
PWB -2.4 +£ 0.3 [16 -26 £ 0.5 2] 2.7+ 0.5 3] -26+04 3]
30°-50°N PWA -1.5 £ 0.1 (51 -29+04 6] -3.1+04 6] -2.5+ 0.3 6]
PWB -2.3 £+ 0.4 |50 -2.5 + 0.6 [8] -2.7+ 0.7 10] -29+ 0.9 9]
PTD -2.2+04 (22 c.e -2.3+0.2 4] -2.0 £ 0.3 [3]
PTP -18+04[22] -12403[7 -1.9+03[8 -1.7+ 0.3 [9]
10°-30°N PWA -1.3 £ 0.1 |95 -2.6 +£0.3 37] -2.6 £ 0.3 [37 -1.7 £ 0.2 34]
PWB -1.81+ 037 -2.01+ 0.3 21] -2.1 £0.3(23 -1.3 £ 0.2 24]
PTD -26+0.7[20] -28+02[4 -14+02[4] -17+04]I5]
PTP -1.7 4+ 0.4 [22 -1.8 £ 0.6 10] -1.9+ 0.6 (14 -1.5+ 0.4 13]
10°S-10°N PWA -1.4 + 0.2 [22 -2.0 £ 0.2[12] -2.6+0.5](12 -1.1 4+ 0.1 [11]
PWB -2.24+04 41 -2.2 £ 0.4 [8] -1.8 +£ 0.3 [16 -0.96 £+ 0.15 [15]
PTD -1.7 +£ 0.2 [69 -1.94+03[7] 2.0+ 05 9] -1.5 £ 0.23 6]
PTP -2.1 +£0.3 [31 -1.5 4+ 0.3 8] -1.94+ 0.5 9] -2.2 4+ 0.3 9]
30°-10°S PTD -1.8 £ 0.2 141] -2.1 £ 0.3 22] -2.6 + 0.5 |24 -1.1 4+ 0.1% 19]
PTP -2.0 + 0.4 [55 -1.5+ 04 14] -24+04]15 -1.5 £ 0.3 15]
< 30°S PTD -2.3 £ 0.4 [48 -2.1 £ 0.3 12] -24+04113 -234+0.4 11]
PTP  -23405[11] -22+07[2] -23+07°%3] -2.3+ 0.4%3]

Numbers in square brackets denote the number of spectra averaged. Only data from the altitude

range of 5-11 km were used.
2Goodness-of-fit parameter, Q, less than 0.1.
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cascade would have “pushed” the spectral break point
to higher wavenumbers than we were able to measure.

In the upper troposphere our horizontal velocity and
potential temperature spectral powers were greater for
latitudes higher than 30°, consistent with both GASP
and the balloon-based measurements of Kao and Wen-
dell [1970]. Thus mesoscale energy appeared to in-
crease in the extratropics where baroclinic instabilities
are common and geostrophic adjustments could gener-
ate gravity waves at the right wavelengths.

In the MBL the horizontal velocity spectral slopes for
a given campaign were shallower than in the free tro-
posphere. It is not surprising that the spectral forms
were different from the free tropospheric case. For ex-
ample, the gravity-wave spectral theories would not be
applicable within a convective MBL because the un-
stable conditions would not support wave propagation.
In the MBL, small scales (shorter than the thickness
of the mixed surface layer) are expected to be domi-
nated by three-dimensional turbulence, while wind and
temperature fluctuations at longer scales probably re-
sult from the distribution of convective plumes. Past
studies have shown that increased stability reduced the
spectral slopes at those longer length scales, while de-
creased stability extended the —5/3 regime to longer
and longer scales [Kaimal et al., 1972; Nicholls and
Readings, 1981]. For a climatological study like ours, a
mixture of stability conditions can be expected to pro-
duce a composite slope.

The results for specific humidity varied widely. Partly
this was due to the different instruments used for the
different campaigns and their different sensitivities, ac-
curacies, and response times. However, as noted before,
water vapor is not a conservative tracer, and the for-
mation of clouds and precipitation is expected to intro-
duce large changes in humidity variability. This prob-
ably explains the drop off in humidity variance with
height above the MBL, with fewer cloud patches form-
ing at the higher altitudes. Source variability would
have also played a role. The most dramatic example of
variability in the humidity spectral power was the much
higher values measured during PWA than during the
other campaigns. We attribute this difference to PWA
having been conducted during the fall in the western
Pacific when convective storms and tropical cyclones
were active. (In fact, one of the PWA flights sampled
airflow in the vicinity of a supertyphoon [Newell et al.,
1996a).) As for the GASP results, we cannot make a
comparison with them because their spectra were lim-
ited to wavelengths greater than 100 km. Although not
so useful as a tracer for dynamical studies, the statistics
of water vapor distribution as characterized by these
spectra should become important as chemists begin to
parameterize subgrid-scale processes into their models.
Also, the knowledge of spatial variability of water va-
por is crucial, especially in the upper troposphere where
it can have an impact on the global radiative balance
[e.g., Udelhofen and Hartmann, 1995]. Because of the
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nonlinear dependence of the outgoing longwave radia-
tion (OLR) on relative humidity [e.g., Lindzen, 1996],
increased water vapor horizontal variance in the upper
troposphere could actually lead to an increase in OLR
(more surface cooling) even though the mean relative
humidity value there might remain the same.

The utility of trace chemical species as passive trac-
ers depends on their lifetimes. In the troposphere the
lifetimes of ozone, methane, carbon monoxide, and car-
bon dioxide are about 2 months, 4 years, 4 months,
and 5 years, respectively. Ozone lifetime varies strongly
with height from less than 1 week in the MBL to
~ 1 year at 10 km, then to shorter times again in the
lower stratosphere where heterogeneous reactions can
enhance the destruction rate. Source variability can
also introduce spatial/temporal variance in the tracer
spectra unrelated to the background dynamics. For-
tunately, the major sources for these gases (pollution,
biomass burning, etc.) were on large land masses far
away from the sampling aircraft, especially during the
PEM Tropics flights. Ozone had other potential sources
such as stratospheric intrusions and lightning, which
made it somewhat less reliable as a passive scalar. How-
ever, due to the more continuous sampling capability of
the measurement devices, there were many more ozone
spectra available for averaging, leading to better statis-
tics.

Our ozone spectral slopes did not depart greatly from
—5/3, which agreed with the stratospheric results of
Bacmeister et al. [1996], but were clearly different
from the GASP tropospheric ozone spectra, which had
slopes about —1 for wavelengths below 100 km [Nas-
trom et al., 1986]. This was very curious because our
horizontal velocity and potential temperature spectra
agreed better with the GASP spectra. Both Gage and
Nastrom [1986] and Bacmeister et al. [1996] had diffi-
culty explaining the difference in slope between their
respective dynamical and tracer spectra. The latter
used a model of advection across the mean vertical
tracer gradient by gravity waves to get the horizontal
wavenumber spectrum for a passive, conservative scalar
mixing ratio, x: ®,(k) = (X,/N)2®,,(k), where N is
the Brunt-Vaisala frequency, ¥, is the mean vertical
scalar gradient, and ®,,(k) is the horizontal velocity
variance spectrum. Quasi two-dimensional turbulence
theory also predicts the same spectral slope, —5/3, for
the velocity and tracer spectra in the inverse-energy-
cascade regime [Lesieur and Herring, 1985], so both
theories predict that the tracer horizontal wavenumber
spectral form should be the same as that for the horizon-
tal velocity. Overall, our results agreed fairly well with
this prediction, especially for the tracers ozone and car-
bon dioxide. However, for the gravity-wave advection
model, as Bacmeister et al. [1996] pointed out, the ver-
tical gradients of tracer gases are often highly structured
due to the existence of thin layers and filaments. The
PEM measurements have certainly revealed a plethora
of tracer laminae throughout the troposphere [Newell
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et al., 1996b; Wu et al., 1997; Stoller et al., this issue].
Stochastically, these thin structures themselves intro-
duce a scale dependence, so departures from a strict
similarity of spectral forms between velocity and scalar
quantities can be expected for the gravity-wave model.
This may be one of the reasons for the greater variabil-
ity of our tracer spectral slopes relative to the velocity
spectra.

We had less data on the other trace gases, CH4, CO,
and COg, because of calibration data gaps. Spectral
slope, the key parameter, ranged fairly widely, but they
were clearly steeper than the —1 ozone spectral slope
of Nastrom et al. [1986]. Carbon dioxide (the tracer
with the longest lifetime) had the least-varying spectral
slopes across altitudes (Table 6), with values inclusive of
—5/3 within their uncertainty bounds for spectral aver-
ages greater than 4; so, again, the tracer spectral forms
generally agreed with the horizontal velocity spectral
form.

The general tendency for the tracer spectral powers
to increase with latitude confirmed a similar trend ob-
served in the GASP velocity [Nastrom and Gage, 1985]
and ozone [Nastrom et al., 1986] data. The consistency
of our results across the different species, instruments,
and platforms gave us an extra measure of confidence
in our spectral trends. In light of the similarity of spec-
tral forms between the dynamical spectra and the tracer
spectra, the latitudinal trend in the tracer variance was
also probably the result of a similar trend in the velocity
spectral power.

6. Summary

Our tabulation of the horizontal wavenumber spectral
parameters for wavelength regime 6-60 km of horizon-
tal velocity, potential temperature, specific humidity,
O3, CH4, CO, and CO2 showed that in the free tro-
posphere their slopes generally did not depart greatly
from —5/3. Also, in the free troposphere, there was no
systematic change of spectral power with height for any
of the quantities except for specific humidity, which de-
creased with height. In the altitude range 5-11 km, the
spectral powers of horizontal velocity, potential temper-
ature, and the chemical tracer mixing ratios were gen-
erally greater at latitudes higher than 30° compared to
latitudes lower than 30°.

Comparisons with previous large-scale aircraft mea-
surement programs yielded the curious result that our
horizontal velocity and potential temperature spectra
agreed with the GASP data [Nastrom and Gage, 1985],
whereas our ozone spectra matched the ER-2 results
[Bacmeister et al., 1996] better. The persistence of a
near —5/3 slope for both the dynamical and tracer spec-
tra in our data was consistent with both a gravity-wave
advection model [e.g., Bacmeister et al., 1996, p. 9459]
and quasi two-dimensional turbulence theory [Lesieur
and Herring, 1985]. The results from the two previous
aircraft studies mentioned in this section were not con-
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sistent with either model and were difficult to explain.
In this study we did not observe slopes considerably
steeper than —5/3 in the horizontal velocity spectra
that would be consistent with buoyancy-modified three-
dimensional turbulence. In general our results were
consistent with the gravity-wave theories [e.g., Gard-
ner, 1994; Dewan, 1997] and quasi two-dimensional
turbulence [Gage, 1979; Lilly, 1983; Mahalov et al.,
1998]. In subsequent papers we will analyze the re-
lationships between the various spectral quantities to
address the question of what processes generate the
observed wavenumber spectra as well as perform case
studies during specific sets of ambient conditions. In
particular, for the next article, we will examine Doppler-
shifting effects on the velocity spectra and check for
polarization relations between u and v using Stokes pa-
rameter analysis. Thus, in the second paper of this
series, we will focus on comparing the predictions of
the gravity-wave and quasi two-dimensional turbulence
theories with observationally derived quantities.
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