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T O M S Version 6 Total Column Ozone

ABSTRACT
An ozone climatology using space-time spectral analyses is
now available as NASA Reference Publication RP-1360. This
note gives a brief description of RP-1360 and examples of its
graphics. The address for copies of the publication is given, along
with the Internet route for obtaining tabulated data via ftp.
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1. Introduction
This note describes NASA Reference Publication
RP-1360 (Stanford et al. 1995), detailing climatology,
interannual variability, and spectral analyses of total
ozone data from version 6 of the extensive Nimbus-7
TOMS (Total Ozone Mapping Spectrometer) dataset.
The objective of this reference publication is to
provide modelers with quantitative measures of the
zonal means and asymmetries in total ozone for
longwaves 1-3 and medium-scale waves 4-7. (Here,
waves 1 , 2 , . . . indicate zonal scales for which 1,2,...
wavelengths fit around a latitude circle.) To illustrate
interannual variability, 13-yr averages (climatologies)
for 1979-91 are given, along with monthly mean com-

FIG. 1. Monthly mean polar stereographic TOMS ozone (DU) for Northern Hemisphere January. Concentric circles: latitudes 20°
and 55°. Dashed (solid) contours begin at 300 (315) and decrement (increment) by 15 DU. Climatology fields for each month, denoted
"CL," were computed by averaging TOMS over all years shown.
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ponent fields for each year. The global space-time
spectra are useful for investigating various fast waves
identified in total ozone. Also included is an example
of the use of space-time spectral analysis to characterize a data processing artifact related to the satellite
geometry.
The reference publication illustrates the rich structure in TOMS data through the application of fast Fou-

rier transform space-time spectral analysis. The
present note gives a few examples.
2. Ozone climatology and interannual
variability
Thirteen-year climatologies of TOMS ozone are
given, along with monthly mean polar stereographic TOMS ozone fields
for years 1978-92 in both hemispheres for seasonal months January,
April, July, and October. Figure 1
shows an example. For completeness,
climatology fields are also given for
each month.
Monthly mean zonal waves 0-7 for
TOMS are also presented as figures
and in tables. Covering November
1978 through January 1992, these
provide details of interannual and
interseasonal variability in monthly
mean wave components. Amplitudes
[Dobson units (DU) = 1~5 meter thickness of ozone at standard temperature
(273 K) and pressure (101 325 Pa)]
and phases are given for zonal wavenumbers 0-3 and combined mediumscale waves 4-7.

3. Timescales under a month

FIG. 2. Wavenumber 0 (zonal mean) and rms wavenumber 1 amplitudes for TOMS
total ozone (DU) plotted latitude vs time. No temporal filtering employed, (a)
Wavenumber 0: dashed (solid) contours begin at 280 (300) DU and decrement
(increment) by 20 DU for 1979, 1980, 1991, and 13-yr average (1979-91, averaging
similar days of each year), (b) Wavenumber 1: for all but the 13-yr average plot,
dashed contours are 20 DU; solid contours begin at 40 DU, incrementing by 20 DU.
For the 13-yr average plot, dashed (solid) contours are 8 (16, 24, 32, . . . ) DU.
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Figure 2 shows selected latitude
versus time plots of TOMS total ozone
for wave 0 (zonal mean) and wave 1.
Preozone hole years 1979 and 1980 are
given along with 1991, a deep ozone
hole year. The 13-yr mean is also given.
Figure 2 reveals more variability,
and more ozone, in the Northern
Hemisphere (NH) winters than in
Southern Hemisphere (SH) winters.
The ozone hole is perspicuous during
October in high southern latitudes.
There is significant year-to-year variability at all latitudes; the 13-yr means
are useful to give some indication of
recurring features. A prominent example of this is the major buildup of
total ozone in high latitudes in late
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winter-early spring due to residual mass transport 4. Dynamical forcing of total ozone
from the summer to the winter hemisphere.
waves
The reference publication also details large-amplitude wave activities that are related to the mean reInsight into the dynamical forcing of TOMS zonal
sidual circulation. Examples shown in Fig. 2 demon- waves 1-7 is provided by seasonal correlations bestrate wave-1 activity as a function of latitude and time. tween TOMS ozone and British Meteorological OfPlanetary wave vacillations occur in waves 1 and 2 in fice geopotential heights for planetary-scale and meboth hemispheres, primarily during late winter and dium-scale waves. Monte Carlo statistical significance
early spring when the winter polar vortex is disturbed by large wave-amplification events during sudden stratospheric and final spring warmings.
Time evolution of waves 1-7 is
also presented. Examples are given
here in Fig. 3. Wave amplitudes typically exceed 100, 60, 50, and 25 DU
for waves 1, 2, 3 and 4-7, respectively. During October and early November 1991, especially large amplitudes are seen in the pronounced contortions of the spring breakup of the
Antarctic polar vortex.
One example of the use of spacetime spectral analyses is the observation of several equatorial wave
modes in total ozone. Both Rossby
gravity waves (Stanford and Ziemke
1993) and Kelvin waves (Ziemke and
Stanford 1994a) have been found in
total ozone, and Ziemke and Stanford
(1994b) describe synchronization between fast tropical waves in total
ozone and quasi-biennial oscillations
in the equatorial zonal wind.
Space-time spectra are also given
for January 1979-December 1991 at
latitudes 60°S to 60°N (15° increment). Examples are shown in Fig. 4
at 60°S. In addition to the obvious
strong wave developments during
vortex breakdown in the Antarctic
spring, note the considerable activity
of waves 1 and 2 during the Antarctic autumn, April-May, at times
lasting into early winter, June. This
bimodal distribution of autumn and
spring longwave activity in total
ozone may be related to the double
maximum in wave- 1 amplitude
F i g 3 H o v m 5 1 1 e r ( t i m e v s longitude) diagrams of TOMS ozone (DU) for 1991
found in geopotential analyses by at (a) 6o°S and (b) equator. No temporal filtering employed. Contour values are as
Randel (1988).
indicated. (Figure 3c can be found on the following page.)
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All of the tabulated results in the
reference publication are also available directly via ftp. The Nimbus-7
total ozone wave analyses results (including Fortran subroutines to read
the data) can be accessed on the
Internet:
ftp jwocky.gsfc.nasa.gov,
logon: anonymous,
password: (your e-mail address),
cd pub/nimbus7/waves.
Then copy the file(s) using "get
<filename>."

FIG. 3C. Hovmoller (time vs longitude) diagram of TOMS ozone (DU) for 1991
at 60°N latitude. No temporal filtering employed. Contour values are as indicated.

tests are included. Both planetary- and mediumscale waves in TOMS ozone are found to be highly
anticorrelated with lower-atmospheric geopotential heights around 200-300 hPa at latitudes 35°-60°
in both hemispheres. The strong anticorrelations
can be understood on the basis of potential vorticity
conservation.
In addition, planetary waves 1-3 in
TOMS ozone show strong positive
correlations with midstratospheric
geopotential heights at high latitudes.
This effect dominates during the
southern springtime when large
stratospheric waves 1-3 in temperature occur in association with the
zonal variations and the ultimate
breakup of the southern polar vortex.

Special inquiries concerning
the reference publication may be
addressed via electronic mail to
ziemke @ j wocky. g sfc. nasa. go v.
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5. Document and analyses
availability
Copies of NASA Reference Publication RP-1360 (Stanford et al. 1995)
may be obtained from NASA Center
for Aerospace Information, 800
Elkridge Landing Road, Linthicum
Heights, MD 21090-2934; telephone:
(301) 621 -0390.
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F i g 4 T i m e v s f r e q u e n c y (periods in days shown) westward/eastward spectral
amplitudes for waves 1 and 2 at latitude 60°S. Units are DU. A 90-day window using
a one-month increment was employed.
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Some Considerations on the Thermostat
Hypothesis
A symposium on the Regulation of Tropical Sea
Surface Temperatures and Warming of the Tropical
Ocean Atmosphere System was held 18-19 January
1995 at the 75th Anniversary Meeting of the American Meteorological Society in Dallas, Texas. One
of the purposes of this symposium was to assess the
validity of the "thermostat hypothesis" that was put
forward by Ramanathan and Collins (1991, RC hereafter) to explain the manner in which the ocean-atmosphere system limits large-scale sea surface temperatures (SSTs) to the observed maximum value of
about 303 K. Central to this hypothesis is the strong
negative feedback to SST warming produced by cloud
shielding of surface insolation by highly reflective
cirrus anvil clouds associated with tropical deep convection. This hypothesis has provoked considerable
controversy regarding the primary feedback mechanisms that limit the maximum SST and even the feedbacks that regulate tropical SSTs in general, both in
the present climate and under a scenario of global
warming.1 The scientific importance of understanding the nature of these climate feedbacks, and thus

1

Including Heymsfield and Miloshevich (1991); Stephens
and Slingo (1992); Wallace (1992); Fu et al. (1992, 1993);
Ramanathan and Collins (1992, 1993); Waliser and Graham
(1993); Hartmann and Michelsen (1993); Washington and
Meehl (1993); Arking and Ziskin (1994); Lau et al. (1994a,b);
Ramanathan et al. (1994); Waliser et al. (1994); Inamdar and
Ramanathan (1994); Pierrehumbert (1995); Waliser (1996).
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reconciling this debate, drew support from the National Science Foundation and the Department of
Energy. These two agencies funded a one-month field
experiment during March of 1993 in the tropical Pacific, the Central Equatorial Pacific Experiment
(CEPEX 1992), in order to directly measure quantities important in the assessment of this hypothesis.
With the advent of data from this experiment, as well
as from the complimentary and more ambitious
Tropical Oceans-Global Atmosphere (TOGA)
Coupled Ocean-Atmosphere Response Experiment
(COARE) (Webster and Lukas 1992), we can begin
to assess how this climate hypothesis is fairing under more formidable empirical scrutiny.
Prior to the thermostat hypothesis, the prevalent
theory that accounted for limiting SST in the Tropics
was based on Newell (1979), which required the
evaporative heat flux to have a mean value of about
200 Wm~2 over the warmest oceans and a negative
feedback strength of about 30 Wmr2 per degree of SST
warming. This hypothesis was modified slightly by
Graham and Barnett (1987), who suggested—based
on the observed increase of large-scale deep convection as SST increases above - 3 0 0 K—that cloud
shielding, in addition to evaporation, plays a role in
limiting SST in the Tropics. These ideas were followed by the "thermostat hypothesis," which RC
based on the following three premises. First, the "super greenhouse effect" results in the longwave radiation component ceasing to function as a negative feedback on SST growth in the upper range of tropical
SSTs. Second, local analysis of the changes in SST
versus top-of-the-atmosphere, shortwave cloud
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forcing occurring in association with the 1985-87
El Nino-Southern Oscillation "cycle" indicates
cloudiness is acting as a negative feedback with a
magnitude of about 22 W n r 2 K 1 . Third, surface
evaporation is unable to function as a limiting mechanism because 1) evaporation adds moisture to the
boundary layer and thus enhances the super greenhouse effect, and 2) water vapor is actually imported
into the warmest ocean regions and thus evaporation
tends to be weak there. Based on these facts and inferences, Ramanathan and Collins (1991) concluded
that SST-induced changes in shortwave cloud forcing accounted for the primary negative feedback,
which limits SSTs to about 303-305 K.
The ensuing debate regarding the thermostat hypothesis has primarily stemmed from two contentions.
The first retains the idea that evaporation,2 more so
than shortwave cloud forcing, is the fundamental
mechanism limiting SST (e.g., Wallace 1992; Fu et
al. 1992; Hartmann and Michelsen 1993). The second
emphasizes the central role of the large-scale atmospheric circulation, particularly the coupling between
the large-scale circulation and the local environment
(e.g., Wallace 1992; Hartmann and Michelsen 1993;
Lau et al. 1994a; Pierrehumbert 1995). With respect
to the first contention, that is, the relative roles of
evaporation and shortwave cloud forcing, data from
both the CEPEX and COARE experiments indicate
that the cooling effects due to clouds play as significant a role as evaporation in cooling the western Pacific warm pool. This is evident in both mean and
high-frequency data, as well as from estimates of
the shortwave cloud-forcing and evaporation feedbacks on SST. For example, recent estimates of the
surface energy budget in the western Pacific (e.g.,
Ramanathan et al. 1995) indicate that the cooling effects due to clouds and evaporation are each on the
order of 100 Wnr 2 . Further, hourly data from the Improved Meteorological (IMET) instrument buoy (R.
Weller and S. Anderson 1995, personal communication) deployed during COARE show that while latent
heat flux ranges up to about 400 Wnr 2 , shortwave
cloud forcing ranges up to about 950 Wnr 2 , with mean
values for these quantities during the COARE period
being about 110 and 105 Wnr 2 , respectively (Waliser

2

Evaporation hypotheses may rely on contributions from sensible
heat flux as well due to its dynamic and thermodynamic similarities with latent heat flux. However, because this term is typically an order of magnitude smaller it is often not discussed
explicitly.
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et al. 1996). Finally, the evidence suggests that the
local negative feedback from cloud forcing tends to
strengthen with SST (e.g., Graham and Barnett 1987;
Collins et al. 1995), while for evaporation, it tends to
weaken (Zhang and McPhaden 1995).
To understand why in the context of high SST the
evaporative feedback gives way to the shortwave feedback in a local sense, yet why it is necessary to consider the large-scale and remote effects of the atmosphere in this problem, we can examine an idealized
situation in which the atmosphere overlies an ocean
of uniform temperature. If we "insert" a large-scale
positive temperature anomaly in the ocean-surface
mixed layer, how does the system respond? In the
region of warmer SST, the system will initially try and
equilibrate through enhanced surface fluxes of latent
and sensible heat. These enhanced fluxes will initiate
a low-level atmospheric convergence over the region
of maximum SST (Lindzen and Nigam 1987; Gill
1980; Zebiak 1986). Keep in mind, however, that the
amount of heat and moisture removed from the ocean
in order to initiate this circulation results in a negligible change in the ocean mixed-layer temperature due
to the drastic difference in the heat capacities of water and air. Associated with this low-level convergence are 1) strong upward vertical motion over the
region of warmest SST with compensating, weak
downward motion elsewhere; 2) a reduction in the
mean value of the surface wind speed over the region
of warmest SST relative to the surrounding areas
(since the wind direction must change sign across the
SST anomaly); and 3) the transport of low-level moisture into the region of high SST. Of these three effects, the first and third act to enhance the cloud shortwave forcing over the local region of high SST relative to the surrounding areas, while the second and
third have the opposite effect on the evaporation.
The observational results discussed above, along
with the local perspective provided by the idealized
scenario, are consistent with the hypothesis that shortwave cloud forcing, more so than evaporation, provides the primary negative feedback that limits SST
extremes in the Tropics. However, in arriving at an
understanding of why these two feedbacks behave as
observed, it has been necessary to consider the modifications to the atmospheric circulation produced by
the SST anomaly, modifications that occur over a
length scale much larger than the length scale of the
SST anomaly. This necessity forms much of the basis for the second contention with the thermostat hypothesis: even though a region of extreme SST will,
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in general, initiate a locally strong negative cloud feedback, the inherent coupling of this feedback to the
large-scale circulation plays a critical role in determining the strength of this as well as other feedbacks in
the system. For example, the anomalous circulation
associated with the region of extreme SST fits within
the context of an even larger-scale global circulation,
the strength and direction of which will determine the
degree this feedback can develop (e.g., Hartmann and
Michelsen 1993; Lau et al. 1994b). The temperature
and moisture content of the converging air will also
have an influence over the resulting cloudiness and,
more importantly, the local rates of evaporation. These
quantities are to a large degree determined by processes remote to this local region of high SST (e.g.,
Pierrehumbert 1995). Finally, added to the above
complexity and uncertainty is how the local winds and
surface fluxes will influence the response of the ocean.
As of now, evidence suggests that the western Pacific
warm pool only exports on the order of 10-30 Wnr 2
and, thus, plays only a modest role in closing the surface heat budget (Gent 1991; Young et al. 1992).
However, because the atmosphere and ocean are so
tightly coupled in the Tropics and because there are
significant nonlinearities in the system, the exact role
of the ocean in this process is only beginning to be
explored. Important to the present concern is, how
does this 10-30 Wnrr2 fluctuate in response to a largescale SST warming?
Given the drastic difference in complexity between
the real climate system and the thermostat hypothesis,
which attempts to describe one aspect of it, it is difficult to ascribe validity, particularly when 1) factoring in remote effects on the local high SST environment; 2) assessing the "thermostat's" role in regulating, versus limiting, the present climate's SST; or
3) extending its applicability to future climate
changes. Of less difficulty, however, is assessing the
qualitative contributions made by the hypothesis.
Foremost, the hypothesis has underscored the importance of cloud-forcing feedbacks in high SST regimes
relative to the more conventional mechanism of
evaporation. By doing so, it has challenged much of
the tropical climate community to reevaluate their
understanding of the surface energy budget in these
regions and reconsider the relative strengths of the
feedbacks that keep this system at the observed equilibrium. On the practical side, the controversial nature of the hypothesis has provoked a host of alternative propositions and motivated the acquisition of data
that can be used to test these propositions as well as
Bulletin of the American Meteorological Society

future models and theories. Finally, from a pedagogical standpoint, the thermostat hypothesis has and can
continue to serve as a useful paradigm in our efforts
to further unravel the complex nature of our climate.
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With the development of meteorological science and the continual refinement of the
technologies used in its practical application, the need to produce a new edition of the
International Meteorological Vocabulary (IMV) became evident (the original edition was
published in 1966). This volume is made up of a multilingual list of over 3500 terms
arranged in English alphabetical order, accompanied by definitions in each of the
languages (English, French, Russian, and Spanish) and an index for each language. This
new edition has been augmented with numerous concepts relating to new meteorological
knowledge, techniques, and concerns. It should help to standardize the terminology used in
this field, facilitate communication between specialists speaking different languages, and
aid translators in their work.
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WMO No. 182, 784 pp., softbound, color-coded index, $95 (including
postage and handling). Please send prepaid orders to: WMO
Publications Center, American Meteorological Society, 45 Beacon St.,
Boston, MA 02108-3693. (Orders from U.S. and Canada only.)
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