peratures of ~11° to 13°C, though seasonal
temperature variability is unclear (14, 23).
Physiological models for a 5000-kg
bradymetabolic hadrosaur predict that an-
nual core body temperature variation would
be large (~20°C, which is equivalent to a
4.5 per mil §, variation) in a simulated
Cretaceous environment, though monthly
temperature variability would be small (1°
to 3°C) (24). A minimum isotopic variabil-
ity of 3.5 per mil (15°C) is suggested even if
individuals were capable of always main-
taining body temperatures above 20°C, the
minimum temperature at which most ex-
tant ectotherms can digest food. Because of
its similar size (~6000 kg) (14), tempera-
ture variability should be similar in a
bradymetabolic Tyrannosaurus. The small
intrabone 3 variation indicates that this T..
rex was not an ectotherm. The lack of
increased intrabone variation in the limbs
and tail and the small interbone variation
suggest that this T. rex was also not a mass
homeotherm using heat exchange mecha-
nisms to dump heat through the extremities
during warm periods and retain core body
heat during colder periods. However, if it
can be shown that there was little seasonal
temperature variability (that is, less than 8°
to 10°C) during early Hell Creek time, then
mass homeothermy remains a valid inter-
pretation of the data.

Because this T. rex does not have either
large intrabone or interbone SP variability, we
conclude that it was a nonmigratory endo-
therm. The metabolism of T. rex may or may
not have been as high as that of modern
endotherms, but it was high enough that body
temperatures were largely maintained by a
controlled metabolic rate, unlike the metab-
olismof modernectotherms. The difference in
metabolic rates for ectotherms and endotherms
narrows at larger sizes (25), but the difference
is still important when extrapolated to weights
of 6 or 7 tons. It is therefore likely that
Tyrannosaurus metabolic rates were closer to
those of a modern 6-ton endotherm (such as a
bull African elephant) than to those of a
postulated 6-ton ectotherm. Metabolic rates
may, however, have undergone seasonal shifts
(2) in order to maintain homeothermy. En-
dothermy would have allowed tyrannosaurs
the aerobic stamina (26) to be active preda-
tors or.scavengers (or both) that were inde-
pendent of ambient temperature fluctuations.
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The Role of the Tropical Super Greenhouse Effect
in Heating the Ocean Surface

Dan Lubin

Measurements made by a Fourier transform infrared (FTIR) spectroradiometer operating
in the middle infrared (5 to 20 micrometers, with a spectral resolution of one inverse
centimeter) imply that there is an anomalously large greenhouse effect over equatorial
oceans that is-caused by water vapor. As sea-surface temperature increased from 297 to
303 degrees kelvin, the net infrared cooling at the surface decreased by 30 to 50 watts per
square'meter. Thus, according to the FTIR data, the super greenhouse effect that had been
inferred from satellite measurements contributes directly to radiative heatifig of the sea
surface. The data demonstrate that most of this heating occurs in the middle infrared by
means of the continuum emission window of water vapor and that tropical deép con-
vection contributes substantially to this super greenhouse effect.

The western tropical Pacific Ocean has the
hottest sea-surface temperatures and the larg-
est burden of tropospheric water vapor in the
world. Thus, greenhouse forcing by water
vapor might be expected to be greatest there.
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Two major international experiments were
conducted from late 1992 to early 1993 (1),
whose object was to evaluate the climate
feedbacks in the region.

In the western tropical Pacific, sea-surface
temperature rarely exceeds 303 K (2). This
upper limit is most apparent in regions of
extensive convection (3). Ramanthan and




Collins (4) have proposed a self-regulating
mechanism whereby the anvil cirrus clouds
that result from deep convection attenuate
the solar energy input to the ocean surface,
thereby allowing the tropical atmosphere to
cool and limit maximum sea-surface temper-
atures. A critical component of their hypoth-
esis is the so-called super greenhouse effect
(5). At high sea-surface temperatures, the
longwave energy trapped by the atmospheric
column, G, (6), increases with sea-surface
temperature at a faster rate than does the
blackbody surface radiation. Water vapor is
the most important greenhouse gas, and the
super greenhouse effect is caused by large
increases in water vapor (as sea-surface tem-
perature increases) and the subsequent trap-
ping of infrared radiation. This radiative pro-
cess is augmented by tropical deep convec-
tion, which gives rise to large abundances of
tropospheric water vapor. These processes,
combined with enhanced tropospheric lapse
rates, which occur in regions of deep convec-
tion, result in a nonlinear increase in green-
house trapping by the atmosphere at the
highest sea-surface temperatures. Here I pre-
sent results from the Central Equatorial Pacif-
ic Experiment (CEPEX) (1) that quantify the
degree to which the super greenhouse effect
heats the atmosphere and the sea surface.
Satellite measurements have demonstrated
that a super greenhouse effect develops at
sea-surface temperatures greater than 300 K
(Fig. 1). Satellite data indicate that the super
greenhouse effect consists of two factors: (i)
There is a nonlinear increase in G, at high
sea-surface temperatures. (ii) The rate of in-
crease of G, with sea-surface temperature
exceeds the rate of increase of blackbody
radiation with sea-surface temperature. The
existence of the super greenhouse effect has
been shown to be independent of the tropical
ocean basin (7), independent of season and
hemisphere (8), and independent of the year
(4). The super greenhouse effect was demon-
strated by measurements made with aircraft-
borne radiometers at the tropopause, during

292 294 296 298 300 302 304
Sea-surface temperature (K)

Fig. 1. Example of the clear-sky longwave
greenhouse effect G,, plotted versus sea-sur-
face temperature, as measured at the top of the
atmosphere by the Earth Radiation Budget Ex-
periment (4, 20). Data are from March 1987
over the Pacific Ocean between 40°N and 40°S.

20
290

Clear-sky greenhouse effect G,

the time in which the CEPEX study was done
(9). Although the super greenhouse effect has
been extensively verified above the tropo-
sphere, it has not been shown whether this
phenomenon results in a longwave back-radi-
ation that contributes directly to local surface
heating over the warm oceans. Unlike Venus,
the Earth is not uniformly blanketed by a
convectively driven super greenhouse effect.
It is conceivable that longwave energy emit-
ted by the warmer sea surface might be imme-
diately advected to the adjacent nonconvec-
tive colder regions, in which case the primary
role of the terrestrial super greenhouse effect
would be to heat the troposphere (10).

As part of CEPEX, a Fourier transform
infrared (FTIR) spectroradiometer was de-
ployed aboard the R.V. John Vickers, which
made a Pacific Ocean cruise beginning at
Honiara in the Solomon Islands on 7 March
1993. The FTIR spectroradiometer (I11-13)
measured spectral radiance coming from the
sky’s zenith throughout the middle infrared
(IR) wavelength range of 5 to 20 wm (500 to
2000 cm™!), with a resolution of 1 cm™!. The
National Institute of Standards and Technol-
ogy (NIST)-traceable radiometric calibration
was established by a Mikron 340 blackbody
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source, after the method of Revercomb et al.
(14). From these measurements of spectral
radiance from the zenith, downwelling long-
wave flux can be estimated with the use of
Gaussian quadrature (15).

In the first half of the CEPEX cruise, the
ship proceeded from Honiara east along lati-
tude 2°S, until due south of Christmas Island
(2°N203°E, Republic of Kiribati), at which
point the ship headed due north to that
island. In the second half of the cruise, the
ship moved due east along the latitude 2°N as
far as longitude 213°E, at which point the ship
turned northeast on a direct heading to Los
Angeles. This cruise crossed four meteorolog-
ical regions. The region between 174°E and
180°E was a convective warm pool region (4)
with active deep convection. The region be-
tween 180°W and 164°W was part of the
warm pool region, but convection was sup-
pressed during the ship’s transit. Between
164°W and 144°W, deep convection became
active again, and during 1993 this region was
also considered to be part of the convective
warm pool. From 144°W to 120°W, the ship
passed through the cooler eastern Pacific,
throughout which convection was minimal.
The properties of these four distinct regions

Fig. 2. Examples of atmospheric
emission spectra measured by

the FTIR spectroradiometer dur- 0.14

L L L 1 LI J

..... 24 March 0020 UT

ing CEPEX. The upper (solid) = i — 11 March 2130UT
curve was recorded on 11 March g 012 1
1993 (2130 UT) at 2°S 178°E, o [ ]
within the western Pacific warm & 01T SST = 3026 K

pool region, where the sea-sur- 3 oosk i

face temperature (SST) was § 1 o

302.6 K. The lower (dotted) curve s 006fF ]

was recorded on 24 March 1993 £ 1 )

(0020 UT) at 12°N 138°W, outside & 0.04 | /8

of the warm pool region, where N i SST=299.2K

the sea-surface temperature was 002 Y

299.2 K. Both spectra show the N O
H,O rotation lines (500 to 625 500 700 900 1100 1300 1500

cm~1), the emission band of CO,
(625 to 675 cm™"), the H,O emis-

Wave number (cm?)

sion features and continuum (800 to 1250 cm~"), the ozone emission band (1000 to 1080 cm~"),
and the water vapor vibration band (1250 to 1500 cm~").

Fig. 3. Examples of atmospheric
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emission spectra measured with- i N 16 March 0505 UT ]
in the warm pool by the FTIR . 014 —11*M arch 2430UT ]
spectroradiometer during CEPEX. & = 1
The upper (solid) curve was re- = 0.12 ]
corded on 11 March'1993 (2130 Et o} 8T =302.6K- i
UT) at 2°S 178°E, in a region of s ] Convection active ]
active convection. The lower (dot- = 008} 4
ted)-curve was recorded on 16 8 L 4
March 1993 (0505 UT) at 25 & 006 -
166°W in a region of suppressed £ I ]
convection. Rawindsondes on the & 004F SST = 302.0K . N
Vickers indicated precipitable Convection suppressed ‘
column abundances of H,0 vapor 002 i
of 489 cm and 3.76 cm for 11 0'1 R T T T T
March and 16 March, respectively. 500 700 900 1100 1300 1500

Wave number (cm™Y)
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were documented by data from rawindsondes
launched daily from the Vickers, by lidars
deployed aboard the Vickers, and by meteoro-
logical radar (16).

The FTIR data were obtained when the
instrument’s field of view was entirely cloud-
free, as observed visually throughout the time
of measurement integration. A comparison of
spectra obtained (for examples, see Fig. 2)
with the MODTRAN 2 radiative transfer
model (15) shows that all of the emission
features measurable at a resolution of 1 cm™!
are accounted for in current atmospheric ra-
diation databases (17). Differences between
radiance measurements in the CO, and H,0O
vibration bands are due to differences in tem-
perature in the lower troposphere. For the
study of climate, the most important differ-
ence between spectra lies in the mid-IR win-

dow (800 to 1250 cm™!), where the major
atmospheric emission is from the H,O con-
tinuum. Zenith radiances from 800 to 1250

cm™! are larger by up to a factor of 2 for the

warm pool spectra than for spectra measured
outside of the warm pool. This observation
holds in general. The integrated radiance over
the most transparent part of the mid-IR win-
dow (800 to 1000 cm™!) was an average of
12.84 W/m? sr, with a standard deviation of
1.14 W/m? sr, for all spectra recorded when
the sea-surface temperature exceeded 300 K.
For all spectra recorded when the sea-surface
temperature was less than 300 K, this inte-
grated radiance was an average of 7.54 W/m?
st, with a standard deviation of 1.07 W/m? sr.

" Within the warm pool region, mid-IR
window radiances recorded in convective
areas were typically 15% greater than those

Fig. 4. Downwelling and upwelling ‘O—T—TTTTTTTTT T T
(A) and net longwave fluxes (B) | ©174°E to 180°F A |
at the ocean surface, integrated & 0 164°W to 180°W
over the spectral interval from500 5 340F ©144°Wto 164w  Sea-surface £ .
to 2000 cm~"'. Symbols in (A) e | a120°Wto 144°W ]
denote downwelling flux Fy that 2
was determined from the FTIR ¥ 300} g 8 1
measurements, subdivided into e i @b@p o
the four longitude regions indicat- 5 ©
ed. The solid line in (A) denotes = 260 | .
upwelling Planck emission F, g F A B i
from the ocean surface. The net E A?A a Fy from FTIR
F, = F, — F4is denoted by sym- £ 20F 1
bols in (B), again referring to the é | A 4
four longitude regions. The solid I
line in (B) denotes a hypothetical
case in which the downwelling 290 292 294 296 298 300 302 304
flux is held constant at 248.8
W/m?. The dotted line in (B) de- % 100
notes a hypothetical case in s
which the atmospheric emissivity £ 90k -
(e,) (averaged over 500 to 2000 o
cm~) is held constant at 0.87 for g 80T i
all sea-surface temperatures. e 70 -
=]
S e0f -
§ sof 1
£ i
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x at 248.8 W/m2 8
E 30 1 1 1 1 1 1 1 1 1 1 1 L
2 29 202 294 296 298 300 302 304
‘Sea-surface temperature (K)
Fig. 5. Net flux at the ocean sur- 90 T T T T T T T T T T T
face, determined -from the FTIR 8ok 800 to 1250 ¢m-! -
measurements, integrated over 70k AR 4 A 4 -
the mid-IR window (800 to 1250 ok abe & s J
cm~') (denoted by the same “E o
- . 50 b o J
symbols used in Fig. 4), and inte- 5 &
grated over all measurable wave % 40f 8 g -
numbers outside the mid-IR win- ;; 30 500 to 800 cm! -
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recorded in areas in which convection was
suppressed (Fig. 3). For all spectra recorded
between 180°W and 164°W, the integrated
radiance in the interval from 800 to 1000
cm™! was an average of 11.57 W/m? sr, with
a standard deviation of 0.37 W/m? sr. For all
other spectra recorded when the sea-surface
temperature exceeded 300 K, this integrated
radiance was an average of 13.43 W/m? sr,
with a standard deviation of 0.86 W/m? sr.
This additional surface radiance results when
deep convection pumps additional water va-
por into the troposphere, and it represents a
typical surface flux enhancement of 13 W/m?
for the convective areas relative to the areas of
suppressed convection. From the vantage
point of the ocean surface, haze and thin
cirrus can be ruled out as substantial contrib-
utors to the measured longwave radiances. For
reasonable estimates of visibility along the
cruise track, a MODTRAN 2 calculation
shows that maritime aerosols should add no
more than 0.5 mW/m? st cm ™! to the spectral
radiance from the zenith in the mid-IR. Be-
cause of the great opacity of water vapor,
sub-visible cirrus has a negligible impact on
mid-IR radiance measured at the surface, al-
though this may not be generally true for
upwelling radiation measured at the
tropopause.

These FTIR data may be used to estimate
the net flux F, = F, — F; at the ocean
surface, which is a measure of greenhouse
trapping by the atmosphere. The smaller the
net flux F, the more longwave surface energy
is trapped by the atmosphere and radiated
back to the surface. I transformed the FTIR
measurements to a flux integral (15) over the
measurable bandwidth from 5 to 20 pm. This
bandwidth contains 70% of atmospheric long-
wave radiation (18). Upwelling flux was esti-
mated from sea-surface temperatures T,
logged by the Vickers as F, = [, B (T)dv
where B_(T) is the Planck function evaluated
at wave number v, and Av refers to integra-
tion limits of 500 to 2000 cm™!. With this
bandwidth, F, = 0.726T*, where the Stefan-
Boltzmann constant o = 5.67 X 1078 W
m~2K~* (Fig. 4). The sea-surface emission in
the bandwidth from 5 to 20 pm increased at a
rate of approximately dF /T, = 4.9 W m™?
K~!. For sea-surface temperatures less than
300 K, the downwelling flux increased-at a
slightly higher rate dF /AT, = 5.7 W m™2
K~!. The net result was a slight increase in
greenhouse trapping with increasing sea-sur-
face temperature of dF /dT, = —0.8 W m~?
K~!. For sea-surface temperatures of 291 to
300 K, between 70 and 90 W/m? of sea-
surface emission was radiated through the
troposphere to space. At T, > 300 K, there
was a marked increase in downwelling flux by
as much as dF /T, = 25 W m™2 K~! (con-
sidering the convective region from 144°W to
164°W). The effect was a large increase in
greenhouse trapping with increasing sea-sur-
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face temperature of dF /AT, = —19.5 W m™?
K~!. This is the super greenhouse effect as
measured at the ocean surface, and its result
was a net surface longwave flux from 35 to 55
W/m? for T, > 300 K. If only the noncon-
vective warm pool region was considered, the
net flux increased to 55 to 65 W/m? and
dF /AT = —7.5W m 2 K™%

I calculated a hypothetical net surface flux,
assuming the downwelling flux F; = 248.8
W/m?, the value measured at 0405 UT on 24
March (12°N 138°E), where T, = 299.3 K
(Fig. 4B), to illustrate what would happen if
the super greenhouse effect did not occur. It is
conceivable that horizontal advection could
remove sufficient energy or water vapor from
the warm pool region to leave the atmosphere
in nearly the same radiative state it is in when
T, = 299 to 300 K. If this were to happen, the
net flux would increase slightly to around 90
W/m?, meaning that surface emission would
outpace greenhouse trapping. In this hypo-
thetical case, there would be some mecha-
nism by which energy is added to the warm
pool region to raise the sea-surface tempera-
ture above 300 K, but this would only result in
a greater longwave flux being radiated to
space, and the warm pool region would be
fundamentally stable against warming without
the need for a climate thermostat. The FTIR
data show a different situation—the super
greenhouse effect results in a longwave back-
radiation that increases nonlinearly with T >
300 K.

Alternatively, in the atmosphere, mid-IR
emissivity could remain constant for all sea-
surface temperatures (Fig. 4B). For the mea-
sured downwelling flux of 248.8 W/m? on 14
March, and for the approximation that the
troposphere radiates as a gray body at the
850-mbar temperature level (19), the wave
number—averaged (500 to 2000 cm™!) emis-
sivity of the atmosphere may be estimated as
€, = 0.87. Holding this emissivity constant
for all sea-surface temperatures has qualita-
tively the same effect as holding the down-
welling flux fixed. Surface emission outpaces
greenhouse trapping, with net surface flux
above 80 W/m? at the highest sea-surface
temperatures.

The spectral resolution of the FTIR data
confirms that the super greenhouse effect oc-
curs primarily in the mid-IR window. In the
warm pool region, net flux outside the inter-
val from 800 to 1250 cm ™! is always less than
7 W/m? (Fig. 5), and the nonlinear increase
in greenhouse trapping is due to emission from
the H,O continuum within the interval. Out-
side the warm pool region, net flux outside the
spectral interval from 800 to 1250 cm™!
increases slightly to just above 10 W/m? as a
result of a combination of lower surface air
temperatures and slightly less saturation of
water vapor rotation lines at wave numbers v
< 800 cm™!. These FTIR measurements
therefore demonstrate the dominant role of

the H,0 continuum in establishing the super
greenhouse effect and its resulting back-radi-
ation, which adds energy to the ocean surface.
In addition to the quadratic increase in H,O
continuum opacity with increasing partial
pressure of water vapor, the spectral interval
from 800 to 1250 cm™! is relatively trans-
parent. Hence, an increase in opacity leads
to a substantial increase in atmospheric
emissivity.

To interpret these FTIR measurements in
terms of the atmospheric greenhouse effect,
one must compare the observed reductions in
surface cooling with observations of longwave
energy trapped by the atmosphere as measured
at or above the tropopause. Analysis of 5 years
of data from the Earth Radiation Budget
Experiment (20) along the lines of Ra-
manathan and Collins (4), for the month of
March and for clear-sky longwave measure-
ments over the Pacific Ocean between 10°N
and 10°S, shows a mean slope dG /T, = 7.4
W m~2 K~L. During the time of the CEPEX
study, dG,/dT, = 10 W m~2 K~* (9). For all
warm pool atmospheres sampled by the FTIR
spectroradiometer, the mean slope dF /dT, =
—8.4 W m~2 K~!, which is slightly larger
than the climatological top-of-atmosphere
mean from the Earth Radiation Budget Exper-
iment. If only the nonconvective region
(180°W to 164°W) is considered, dF /T, =
—7.5 W m~2 K™, which is comparable to
the top-of-atmosphere mean. If both convec-
tive regions sampled by the FTIR spectrora-
diometer are considered, dF /T, = —10.1 W
m~2 K7%; and if only the later convective
region (164°W to 144°W) is considered, dF,/
dT, = —19.5 W m~? K~L. Therefore, dF,/
dT, determined from the FTIR measurements
has at least the same magnitude as the clima-
tological dG_/dT, measured from the top of
the atmosphere; and where deep convection
is present, dF_/dT, is generally larger than
dG_/dT, measured at the tropopause during
the same experiment. Hence, these FTIR
measurements suggest that the super green-
house effect contributes substantially to sea-
surface heating.
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