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ABSTRACT

Longwave emission by the tropical western Pacific atmosphere has been measured at the ocean surface by a
Fourier Transform Infrared (FTIR) spectroradiometer deployed aboard the research vessel John Vickers as
part of the Central Equatorial Pacific Experiment. The instrument operated throughout a Pacific Ocean crossing,
beginning on 7 March 1993 in Honiara, Solomon Islands, and ending on 29 March 1993 in Los Angeles, and
recorded longwave emission spectra under atmospheres associated with sea surface temperatures ranging from
291.0 to 302.8 K. Precipitable water vapor abundances ranged from 1.9 to 5.5 column centimeters. Measured
emission spectra (downwelling zenith radiance) covered the middle infrared ( 5-20 um) with one inverse centimeter
spectral resolution. FTIR measurements made under an entirely clear field of view are compared with spectra
generated by LOWTRAN 7 and MODTRAN 2, as well as downwelling flux calculated by the NCAR Community
Climate Model (CCM-2) radiation code, using radiosonde profiles as input data for these calculations.

In the spectral interval 800-1000 cm™', these comparisons show a discrepancy between FTIR data and
MODTRAN 2 having an overall variability of 6~7 mW m™? sr~! ¢cm and a concave shape that may be related
to the representation of water vapor continuum emission in MODTRAN 2. Another discrepancy appears in
the spectral interval 1200-1300 cm™', where MODTRAN 2 appears to overestimate zenith radiance by 5
mW m~2sr~! cm. These discrepancies appear consistently; however, they become only slightly larger at the
highest water vapor abundances. Because these radiance discrepancies correspond to broadband (500-2000 cm™)
flux uncertainties of around 3 W m™2, there appear to be no scrious inadequacies with the performance of
MODTRAN 2 or LOWTRAN 7 at high atmospheric temperatures and water vapor abundances. On average,
CCM:-2 flux calculations agree to within 1 W m™2 with downwelling flux estimates from the FTIR data over all
sea surface temperatures, although this result has a scatter of £12 W m~2 at high sea surface temperatures.

temperatureé and largest water vapor abundances in
the troposphere. Ramanathan and Collins (1991 ) have

1. Introduction
As a result of current concern about a global warm-

ing scenario, considerable interest and research into
the basic physics of climate has centered around the
western Pacific. This is due to the climate extrema that
persist in the region, including the warmest sea surface
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proposed a “thermostat™ hypothesis, whereby the anvil
cirrus resulting from deep convection allows the trop-
ical atmosphere to cool, thereby regulating the atmo-
spheric greenhouse effect and, hence, controlling max-
imum sea surface temperatures. From late February
through early April 1993, the Central Equatorial Pacific
Experiment (CEPEX ) was carried out under the aus-
pices of the University Corporation for Atmospheric
Research (with support from the National Science
Foundation and the U.S. Department of Energy) to
critically examine various components of the ther-
mostat hypothesis and, more generally, to investigate
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the various mechanisms that regulate tropical sea sur-
face temperatures.

A key factor in our understanding of climate pro-
cesses and in our ability to model climate change is an
accurate knowledge of infrared radiative transfer in the
earth’s atmosphere, as this constitutes the physical basis
for the greenhouse effect. For climate physics, the most
important greenhouse gas is water vapor due to its
widely varying abundance in the atmosphere and its
numerous strong absorption features throughout the
infrared. Over the tropical Pacific Ocean, deep con-
vection gives rise to large tropospheric water vapor
abundances (often as large as 6-7 precipitable centi-
meters ), and in this region a “super greenhouse™ effect
has been described from the vantage point of space
(Vonder Haar 1986; Raval and Ramanathan 1989;
Ramanathan and Collins 1991; Hallberg and Inamdar
1993).

Raval and Ramanathan (1989) have demonstrated
the importance of both water vapor line absorption
and water vapor continuum absorption in the middle
infrared. The precise strength of the water vapor con-
tinuum is still an unresolved issue and perhaps has an
uncertainty of 20% (Briegleb 1992). Grant (1990) has
reviewed current empirical knowledge of mid-IR con-
tinuum absorption and recommends further improve-
ments in laboratory measurement accuracy. The most
current theoretical research tends to discount the im-
portance of the dimer phase in the 8—13 um spectral
region (e.g., Thomas and Nordstrom 1985; Slanina
1988), yet models that emphasize collisional broad-
ening effects on the far wings of water vapor lines still
have trouble explaining the negative temperature de-
pendence of the continuum absorption (Grant 1990).
Some recent experimental work has suggested that the
dimer phase becomes important in the 15-25-pym
spectral region (Devir et al. 1994). Kiehl and Briegleb
(1992a) have shown that a 20% uncertainty in the con-
tinuum absorption strength may result in downwelling
surface-flux uncertainties of 5-10 W m™ in the
Tropics.

As part of CEPEX, the Fourier Transform Infrared
(FTIR) spectroradiometer belonging to the California
Space Institute (CalSpace) was deployed aboard the
R/V John Vickers and was operated throughout a Pa-
cific Ocean crossing beginning at Honiara, Solomon
Islands, on 7 March 1993 and ending in Los Angeles,
California, on 29 March 1993. The CalSpace FTIR
spectroradiometer measured zenith radiance emitted
by the atmosphere throughout the middle infrared
(500-2000 cm™') and with a resolution of 1 cm™!. The
operation of this instrument has been discussed by Lu-
bin (1994), and experimental details relevant to the
CEPEX cruise are given in the appendix. The CEPEX
data are now in the public domain and are available
from the Office of Field Projects Support at the Uni-
versity Corporation for Atmospheric Research in
Boulder, Colorado.
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The FTIR experiment during CEPEX had three
major scientific objectives. The first objective was to
obtain enough atmospheric emission spectra under
clear skies to document the large variability in water
vapor opacity and to provide a dataset that might be
useful to validate radiation codes used in climate mod-
els. Second, the FTIR experiment was to investigate
the role of anvil cirrus in the tropical longwave radia-
tion budget and to quantify the “f factor,” the fraction
of the cloud longwave forcing measurable at the surface
(Ramanathan and Collins 1991). A third objective was
to determine the longwave optical properties of the
various cloud types that commonly occur over the Pa-
cific Ocean, including cirrus, altostratus, stratus, and
trade cumulus (e.g., Smith et al. 1993; Lubin 1994).
The first objective is the focus of this paper.

The cruise proceeded along the latitude 2°S until
Christmas Island, Republic of Kiribati, then at 2°N
until 213°E, at which point the ship headed directly
for Los Angeles. Figure 1 shows the location of the
FTIR measurements, highlighting the clear-sky cases.
A total of 62 clear-sky emission spectra are used in this
study. Ancillary data include atmospheric temperature
and water vapor profiles for the troposphere and lower
stratosphere, obtained from Vaisala radiosondes pro-
vided aboard ship by the Max Planck Institute for Me-
teorology, and sea surface temperature data recorded
as part of the standard shipboard data acquisition sys-
tem. FTIR measurements were made several times
daily, typically every half hour during daylight, and sea
surface temperatures were logged during each FTIR
measurement. Four radiosondes were launched per day
at precisely 0000, 0600, 1200, and 1800 UTC.

We compared the radiances measured by the
CalSpace FTIR Spectroradiometer to radiances and
fluxes computed by three widely used radiative transfer
models that are sufficiently or nearly fast enough to be
incorporated into climate model simulations. The
fastest algorithm we consider is the National Center
for Atmospheric Research (NCAR ) Community Cli-
mate Model (CCM-2) radiation code (Kiehl and Brie-
gleb 1992b), which was specifically developed for use
in a general circulation model. The CCM-2 code treats
the mid-IR water vapor line and continuum absorption
using the temperature-dependent emissivity and ab-
sorptivity formulation developed by Ramanathan and
Downey (1986). We also consider LOWTRAN 7, the
current version of a well-tested Air Force Geophysics
Laboratory (AFGL) model that has been used
throughout the atmospheric science community for
two decades (Kneizys et al. 1988). LOWTRAN 7 has
recently been incorporated into a large-scale radiation
budget study by Hallberg and Inamdar (1993) and In-
amdar and Ramanathan (1994). The CCM-2 code
computes only broadband flux at the surface (integral
over 0-2200 cm™!). LOWTRAN 7 computes radiance
in any direction with a spectral resolution of 20 cm™!,
from which downwelling flux may be computed using
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CEPEX FTIR DATA: R/V VICKERS

35 B T T ' ' ' ' '
o) MENSE SN RS S SO S BN . e
o 151 SRLI 15
2 10 T =10
3 s : ;'? | S f . DCIearSkles s
0 S S mﬁm e ',g';n"i'?"”"@ - t....,é..;Aﬂ.Data.......,.s....__ 0
-10;‘._:\.- "‘v‘\%\ﬁ, Homara i : v . 410
5L N R RN R a P ; ; -15
150 160 170 180 190 200 210 220 230 240 250

East Longitude

FIG. 1. Location of CalSpace FTIR spectroradiometer measurements made aboard the R/V Vickers
during the Central Equatorial Pacific Experiment.

Gaussian quadrature (Chandrasekhar 1960). We also
compare the FTIR data with MODTRAN 2 (Berk et
al. 1989), a recent AFGL development that computes
radiance in a similar fashion as LOWTRAN 7 but con-
tains a parameterization of the entire AFGL HITRAN

CAL SPACE FTIR SPECTRORADIOMETER - CEPEX
Emission Spectra Inside and Outside Warm Pool
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FI1G. 2. Examples of atmospheric emission spectra measured by
the CalSpace FTIR spectroradiometer during CEPEX. The upper
(solid) curve was recorded within the western Pacific warm pool region
at 2°0’S, 178°18’E, where the sea surface temperature was 302.6 K;
the lower (dotted) curve was recorded outside of the warm pool region
at 11°50°'N, 222°48’E, where the sea surface temperature was
299.2 K.
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atmospheric absorption line parameter database
(Rothman et al. 1987) at 2 cm™' spectral resolution.
Considerable insight into mid-IR radiative transfer
fundamentals can also be gained by comparing FTIR
data with AFGL’s Fast Atmosphere Signature Code
(FASCODE) (e.g., Ellingson et al. 1993). However,
because FASCODE operates individually on each rel-
evant molecular transition in the HITRAN database,
it is so central processing unit intensive as to be in-
appropriate for climate model simulation and is not
discussed in this report.

2. FTIR data under clear skies

All spectra considered here were recorded under a
clear overhead sky with visual determination that there
was no cloud cover in the instrument’s field of view
during the measurement integration time. These mea-
surements pertain to a wide range of sea surface tem-
peratures (291.0-302.8 K). Figure 2 shows two ex-
amples of emission spectra recorded under clear skies
during the CEPEX cruise. The lower (dotted) curve
was recorded east of the “warm pool” region under a
humid atmosphere (water vapor column abundance
approximately 2.6 cm) and moderate sea surface tem-
perature (299.2 K). The upper (solid) curve was re-
corded inside the warm pool region (water vapor col-
umn abundance 4.9 cm, sea surface temperature 302.6
K)) and shows a radiance enhancement of 50% or larger
throughout the spectral interval 750-1250 cm™".

To demonstrate the impact of this variability in
opacity on surface longwave fluxes, we transform the
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FI1G. 3. Examples of MODTRAN-generated conversion spectra for
transforming measured zenith radiance into an estimate of down-
welling surface flux. The input data for these MODTRAN 2 calcu-
lations are radiosonde data obtained over sea surface temperatures
of 299 (dotted curve) and 303 K (solid curve).

measured zenith radiance to a downwelling flux by
means of a wavenumber-dependent conversion factor.
This conversion factor C, is estimated by using MOD-
TRAN 2 to generate radiance spectra I, at N = 4
Gaussian quadrature angles (Chandrasekhar 1960),
from which downwelling flux F, is estimated:

N
Fu = 2772 ai“ilvi,

i=1

(1)

where «; and u; are the Gaussian weights and cosines
of the view zenith angles, respectively. A MODTRAN
2 estimation of the zenith radiance I, then establishes
the conversion factor

C,==

T (2)

Two of these spectral conversion factors are shown in
Fig. 3. In the fully opaque parts of the mid-IR spectrum
(650-700 cm™!, 1350 cm™' and longer), we expect the
radiation to be isotropic: C, = «. In the mid-IR window
region and in the region of water vapor rotation lines
(500-650 cm™'), C, becomes increasingly greater than
w as atmospheric opacity decreases. The conversion
factor is therefore also a function of atmospheric tem-
perature and water vapor abundance. For model at-
mospheres (and sea surface temperatures) corre-
sponding to the examples of Fig. 2, the conversion fac-
tor in the mid-IR window is approximately 10% smaller
for the warmer conditions. With the radiosonde and
sea surface temperature data, MODTRAN 2 is used
to generate conversion factor spectra as a function of
sea surface temperature.
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Once downwelling flux has been estimated from
zenith radiance, the sea surface temperature data are
used to estimate the net flux at the surface, where for
this purpose we may approximate sea surface emissivity
as a blackbody. The net surface flux, as a function of
sea surface temperature, is shown in Fig. 4. Each point
in this figure refers to a single estimate (FTIR radiance
data converted to flux, from which upwelling flux is
subtracted ) integrated over the measurable wavenum-
ber range (500-2000 cm™'). The points have been
subdivided into four categories depending on their
longitude, and these categories correspond to the var-
ious climate regimes studied by CEPEX. The longitude
intervals 174°-180°E and 196°-216°E were clima-
tologically convective regions where deep convection
occurred. The region 180°-196°E was climatologically
convective but during the cruise exhibited suppressed
convection and noticeably less greenhouse trapping
than the two surrounding regions. The colder region
216°-240°E was nonconvective and showed the
smallest greenhouse trapping. Overall, this figure ex-
hibits a nonlinear increase in net surface flux for sea
surface temperatures greater than 300 K.

3. Comparison of FTIR data with radiation models
a. Spectral comparison

MODTRAN 2 is the most detailed model we con-
sider in this study. This recently developed radiative
transfer formulation promises to be one of the more
versatile tools available to the atmospheric scientist, as
it is computationally fast yet yields results comparable
to the much larger FASCODE at 2 cm™! spectral res-
olution. For comparison with MODTRAN 2, it is ac-
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Fi1G. 4. Net surface flux under clear skies, as estimated from
CalSpace FTIR spectroradiometer data recorded during CEPEX,
shown as a function of sea surface temperature. The flux estimates
have been sorted into four categories specified by east longitude.
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FIG. 5. An expanded view of the warm pool emission spectrum of
Fig. 2 (solid curve) emphasizing the mid-IR window. The dotted
curve denotes a clear-sky MODTRAN 2 calculation using the nearest
radiosonde profile.

ceptable to degrade the spectral resolution of the FTIR
data to 2 cm™! using a triangular scanning function
(G. Anderson 1993, personal communication), and
this has been done for all comparisons presented here.
One comparison between an FTIR measurement and
a MODTRAN 2 calculation is shown in Fig. 5, for the
warm pool example of Fig. 2. The MODTRAN 2 cal-
culation was done using the radiosonde data closest in
time to the FTIR measurement. Figure 5 has been di-
vided into three panels to better illustrate each of the
2 cm~? resolution water vapor, CO,, and ozone features
throughout the mid-IR window. All such features pres-
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ent in the FTIR spectrum are reproduced in the MOD-
TRAN 2 calculation, indicating that this model con-
tains a complete representation, at 2 cm™' resolution,
of mid-IR emission from a tropical atmosphere. The
FTIR data as presented here have not been corrected
for possible wavenumber errors, and small wavenum-
ber discrepancies appear for several of the emission
features. For this study the two most important tasks
are 1) verifying that the FTIR data are consistent with
MODTRAN 2 in the identification of all emission fea-
tures, as is shown by Fig. 5, and 2) documenting any
differences between the model and data that appear
consistently throughout the mid-IR window and that
might contribute substantially to uncertainties in flux
computation. We have also done a MODTRAN 2 sen-
sitivity study to estimate the possible impact of marine
aerosols and have determined that for all reasonable
estimates of visibility, maritime aerosols should add
no more than 0.5 mW m~2 sr~! cm to the spectral zen-
ith radiance throughout the wavenumber interval 800~
1400 cm™!,

The second task is more easily addressed by inspect-
ing the difference between a given FTIR zenith radiance
spectrum and the MODTRAN 2 spectrum calculated
with the radiosonde data nearest in time. Two such
difference spectra are shown in Fig. 6, for the examples
of Fig. 2. Because we are interested primarily in mid-
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F1G. 6. The difference between a CalSpace FTIR measurement
and a MODTRAN 2 calculation using the nearest radiosonde data
(a) for the warm pool example of Fig. 2 and (b) for the cooler at-
mosphere spectrum of Fig. 2. Units are milliwatts per square meter
per steradian per inverse centimeter.
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IR window emission, the model output and the FTIR SPECTRAL INTERVAL 800-1000 cm™'

data have been normalized in the spectral intervals 16 P T T T T T N T T T T T
625-675 and 1500-2000 cm™* (where we expect the - o FTIRdata .
atmosphere to be entirely opaque and, hence, trivially _ 14} o FTIRclose to sonde q -4
modeled). This normalization was often necessary "y | O MODTRAN g%/ ) o
when the FTIR measurement and the radiosonde -« 4 LOWTRAN g ®
launch were more than an hour apart. In the warm £ 2] . 0@? - 1
pool spectrum (Fig. 6a), we notice that the model ap- g i 5 . ‘ﬁ"” T
pears to overestimate zenith radiance by as much as § 10 PR 7
5 mWm™?sr! cm in the spectral interval 770- 8 - : < " .
850 cm™'. Between 850 and 1000 cm™', the model & 4f 3 -
appears to underestimate the radiance by up to £ i g % ‘ J
3 mW m™? sr”! cm. The general concave shape in this ~ § /a, ‘

discrepancy between 800 and 1000 cm™' may be re-  °[ e i
lated to the treatment of water vapor continuum emis- - B T
sion in MODTRAN 2. In the spectral interval 1200- I 1 1

1300 cm™!, the model appears to overestimate zenith
radiance by approximately 5 mW m~2 sr™! cm. In the
colder spectrum (Fig. 6b) the concave data model dis-
crepancy appears to be smaller in the interval 800~
1000 cm™!, differences ranging from —5 to +1
mWm™ sr~! ¢m, but in the interval 1200-1300 cm™!
the discrepancy is nearly the same as for the warm pool
example. Discrepancies within the ozone emission
band (1000-1080 cm™') result from incomplete
knowledge of the ozone column.

There is one noteworthy discrepancy outside the
mid-IR window. Between 500 and 625 cm™!, it appears
that MODTRAN 2 overestimates emission from water
vapor rotation lines by up to 3 mW m™2sr~! cm on
11 March and by up to 6 mW m~2sr~' cm on 24
March. These discrepancies represent downwelling flux
overestimates of approximately 1 and 1.8 W m™ on
11 March and 24 March, respectively.

The largest “spikes” in Figs. 6a,b are due to the small
wavenumber offsets mentioned above. With a pro-
nounced emission feature, a small wavenumber error
between the model and data will result in the difference
spectrum exhibiting two pronounced spikes that are
nearly equal in magnitude but opposite in sign and
that therefore do not contribute to the integrated ra-
diance difference over the entire window, which is the
focus of this study.

Zenith radiance integrated over the spectral interval
800-1000 cm™! is shown in Fig. 7. All clear-sky FTIR
measurements are shown in this plot, but the plot
highlights those measurements taken close to a radio-
sonde flight (within one hour before launch or during
the ascent). Also shown are zenith radiances computed
by both MODTRAN 2 and LOWTRAN 7 from all
relevant radiosonde data. The data are plotted as versus
water vapor column abundance, which is obtained
from the radiosondes. For the smallest water vapor
abundances (occuring at the coldest sea surface tem-
peratures), FTIR measurements are generally larger
than the model calculations by 0.5 W m™2 sr~!. At the
largest water vapor abundances (and warmest sea
surface temperatures) the discrepancy is typically

1.5 2 25 3 35
Hzo vapor column abundance

F1G. 7. Zenith radiance integrated over the spectral interval 800-
1000 cm™' as measured by the FTIR (circles) and as calculated from
the nearest radiosonde data by MODTRAN 2 (open squares) and
LOWTRAN 7 (open triangles). Open circles refer to clear-sky FTIR
measurements made within one hour before the radiosonde launch
or during the radiosonde ascent. Filled circles refer to all other clear-
sky FTIR measurements. Precipitable water vapor abundances are
calculated from the radiosonde data. The upper, coarsely dashed curve
refers to a least-squares logarithmic fit through the FTIR data. The
lower, finely dashed curve refers to a least-squares logarithmic fit
through the MODTRAN 2 calculations.

1 Wm™2sr™!. When transformed to flux, these dis-
crepancies represent model underestimates of 2.3 and
4.2 W m™? for the smallest and largest water vapor
abundances, respectively. LOWTRAN 7 and MOD-
TRAN 2 calculations are essentially identical at the
largest water vapor abundances but begin to differ by
0.04 W m~2sr™! below 4 cm and are as large as 0.20
W m™? st~ below 2 cm.

The same information is shown in Fig. 8 for the
spectral interval 1200-1400 cm™'. FTIR-measured ra-
diances are consistently smaller than either LOW-
TRAN 7 or MODTRAN 2 radiances in nearly all cases.
This radiance discrepancy appears to be independent
of water vapor abundance. The corresponding flux dis-
crepancy in the interval 1200-1400 cm™' is a model
overestimate of 1.7 W m™ at the smallest water vapor
abundances and a model overestimate of 1.1 W m™
at the largest water vapor abundances. In this spectral
interval, LOWTRAN 7 radiances are always smaller
than MODTRAN 2 radiances by approximately 0.1
Wm2sr .

b. Consistency with previous studies

The radiance discrepancies we notice in Figs. 6a and
6b are representative of the entire clear-sky FTIR da-
taset from CEPEX. They are consistent in sign with
the Spectral Radiation Experiment (SPECTRE) FTIR /
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FIG. 8. As in Fig. 7 but for the spectral interval 1200-1400 cm™'.
The lower, coarsely dashed curve refers to a least-squares logarithmic
fit through the FTIR data. The two finely dashed curves refer to least-
squares logarithmic fits through the MODTRAN 2 (upper curve)
and LOWTRAN 7 (middle curve) calculations.

FASCODE intercomparisons of Ellingson et al. (1993)
but are 2.5 times larger than the SPECTRE results in
the interval 1200-1400 cm™' and more than 10 times
large than the SPECTRE results in the 800-1000-cm ™"
interval. This is to be expected, as MODTRAN con-
tains additional approximations beyond those used by
FASCODE, to enable fast calculation at 2-cm™' reso-
lution.

An encouraging comparison between measured
FTIR emission spectra and both MODTRAN and
FASCODE has been performed by Thériault et al.
(1993), who'indeed find larger radiance discrepancies
for MODTRAN than for FASCODE. Thériault et al.
(1993) measured zenith radiance under a water vapor
column of 1.8 precipitable centimeters (noticeably drier
than most of the atmospheres considered in this study)
and found that MODTRAN may overestimate radi-
ance by up to 4 mW m™2 sr™! cm between 1200 and
1400 cm™'. In the interval 800—-1000 cm™', they find
some individual feature discrepancies as large as
12 mW m~2 sr~! cm and an overall variability in the
difference spectrum of 4 mW m™2 sr™' cm, which ex-
hibits a concave behavior similar to that that we show
in Figs. 6a and 6b. Our difference spectra in the interval
500-625 cm™! are also consistent with Thériault et al.
(1993).

¢. Comparison of flux estimates

To compare the FTIR data with NCAR CCM-2
output, we must transform the measured radiance to
downwelling flux as discussed in section 2, integrate
the radiance over the entire measurable mid-IR band
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(500-2000 cm™!), and to this add supplemental flux
estimates in the spectral intervals 0-500 and 2000-
2200 cm™'. Supplemental flux estimates are necessary
because CCM-2 output contains no spectral resolution
(it computes a broadband flux over 0-2200 cm™!) and
because there are no separate radiation measurements
from the CEPEX R/V John Vickers cruise in the in-
tervals 0-500 and 2000-2200 cm™'. The supplements
are therefore provided by LOWTRAN 7 using the ap-
propriate radiosonde data. These two supplemental
spectral intervals represent approximately 31% of the
total longwave flux but in these intervals the atmo-
sphere is opaque enough that variability in the supple-
mental flux estimates was no more than 2 W m~2 over
a sea surface temperature range 299-303 K. Hence,
there is only a small uncertainty when supplementing
the FTIR data with the LOWTRAN 7 estimates, and
we expect the largest discrepancies between the data
and the models to be associated with mid-IR window
emission that the FTIR measures. Estimates of 0-2200-
cm™! downwelling flux from the FTIR data are pre-
sented as a function of sea surface temperature in Fig.
9a, along with broadband fluxes computed by both
CCM-2 and LOWTRAN 7. The differences between
the FTIR-derived flux and CCM-2, and between the
FTIR-derived flux and LOWTRAN 7, are shown as a
function of sea surface temperature in Fig. 9b.

At high sea surface temperatures, LOWTRAN and
CCM-2 flux calculations are essentially identical. In
colder conditions the two models begin to differ, with
slightly larger fluxes for LOWTRAN 7. This discrep-
ancy between models is approximately 2.5 W m™2 at
sea surface temperatures around 300 K, increasing to
approximately 6 W m™2 at sea surface temperatures
less than 297 K. The result of this discrepancy, as shown
by Fig. 9b, is that the FTIR flux estimates are on average
equal to the CCM-2 calculations for all sea surface
temperatures, while there is an increasing difference
between FTIR flux estimates and LOWTRAN 7 cal-
culations for sea surface temperatures below 297 K.
At the highest sea surface temperatures, the FTIR flux
estimates agree very well with both CCM-2 and LOW-
TRAN 7 calculations, although Fig. 9b shows a con-
siderable scatter of =12 W m™2.

4. Discussion

This study suggests that current versions of the three
fast radiation codes should give very good estimates of
downwelling longwave clear-sky flux in the Tropics.
When comparing the FTIR emission spectra with
MODTRAN zenith radiance calculations, small dis-
crepancies arise in the mid-IR window region. These
are a concave difference spectrum with an overall vari-
ability of 6-7 mW m™2 sr™! cm in the spectral interval
800-1000 cm™! and a consistent model overestimate
of 5 mW m~2 sr™! ¢cm in the spectral interval 1200-
1300 cm™!. These discrepancies may be due to MOD-
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F1G. 9. Downwelling longwave flux at the sea surface (a) as esti-
mated from the CalSpace FTIR data (circles), from the radiosonde
data and LOWTRAN 7 (triangles), and from the radiosonde data
and the NCAR CCM-2 radiation code (squares); (b) the difference
between the FTIR and CCM-2 flux estimates, and the difference
between the FTIR and LOWTRAN 7 flux estimates. In (b), the lower,
finely dotted line refers to the linear fit through the FTIR-LOWTRAN
7 differences, while the upper, coarsely dotted line refers to the linear
fit through the FTIR-CCM-2 differences.

TRAN’s treatment of the water vapor continuum ab-
sorption. The CEPEX FTIR data pertain to a wide
range in tropospheric water vapor burden, and it is
worth noting that the model data radiance discrepan-
cies do not increase very much with increasing water
vapor column abundance, even in the super greenhouse
regime. If the radiances presented in Figs. 6-8 are
transformed to flux as discussed in section 2, then
MODTRAN 2 and LOWTRAN 7 appear to under-
estimate mid-IR window flux by approximately
0.6 W m~2 over the lowest sea surface temperatures
considered here. This underestimate increases to ap-
proximately 3.0 W m™2 at the highest sea surface tem-
peratures. The model data radiance discrepancies in
various parts of the mid-IR window, noted by Figs. 6a
and 6b, partly cancel each other. Finally, the LOW-
TRAN 7 and CCM-2 models compare equally well
with the FTIR data, for calculating downwelling surface
flux in regions of high sea surface temperature. In re-
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gions where the sea surface temperature is colder than
297 K, CCM-2 shows a better comparison with the
FTIR data.

This study demonstrates the utility of the CEPEX
FTIR dataset and the promise of current Michelson
interferometer technology for rigorous field work in
extreme climates. The FTIR data presented here sug-
gest that some uncertainties remain in the modeling
of water vapor continuum emission in warm, moist
atmospheres. However, these data represent a sample
of only one month’s duration. As discussed in the ap-
pendix, the data were also gathered under challenging
experimental conditions. Current research (e.g., Ra-
manathan and Collins 1991) suggests that we must
have precise knowledge of clear-sky longwave opacity
in order to quantify subtle effects such as the radiative
forcing of cirrus clouds. We therefore emphasize that
the CEPEX FTIR experiment constitutes only the pre-
liminary investigation of this type, and we encourage
an FTIR measurement program in the tropical Pacific
having a much longer duration and working in as con-
trolled an environment as possible.
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APPENDIX
Radiometric FTIR Experiment

The purpose of this appendix is to demonstrate that
the data gathered by the CalSpace FTIR Spectroradi-
ometer during CEPEX are adequate for the stated ob-
jectives. The CalSpace FTIR spectroradiometer is based
on the Bomem MB-100 Michelson interferometer,
configured to view either the zenith sky or a Mikron
340 blackbody calibration source traceable to the Na-
tional Institute for Standards and Technology (NIST).
Each measurement procedure consisted of two scans
of the zenith sky and three scans of the blackbody cal-
ibration source set at nominal temperatures 5°, 20°,
and 30°C. A liquid nitrogen cooled HgCdTe detector
enabled the interferometer to operate throughout the
middle infrared (500-2000 cm™!) with a resolution of
1 cm™'. In the field, the temperature of the Mikron
340 blackbody element was recorded using a platinum
resistance temperature device (RTD) sampled by a
Fluke Model 45 digital multimeter. The CalSpace in-
strument is similar to more elaborate mid-IR spectro-
radiometers currently in operation as part of the U.S.
Department of Energy Atmospheric Radiation Mea-
surement program (e.g., Smith et al. 1993) and has
been discussed in greater detail by Lubin (1994).

During CEPEX, the CalSpace FTIR Spectroradi-
ometer was mounted in a gimbaled cradle on the open
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quarter-deck of the research vessel John Vickers. The
vessel’s small size necessitated this open air deploy-
ment, and throughout the cruise both the interfer-
ometer and the blackbody calibration source were ex-
posed to salt air, high air temperature and humidity,
and occasional spray. The instrument functioned re-
liably throughout the cruise, with some deterioration
in optical throughput. To operate the instrument on
deck, the blackbody RTD calibration cable had to be
lengthened and also exposed to the elements. In ad-
dition to these experimental challenges, the preseason
NIST-traceable adjustments to the blackbody were lost
in transit from San Diego to Honiara, and data reduc-
tion was accomplished using only postseason calibra-
tion information. The absolute radiometric calibration
of the CEPEX data was therefore examined as carefully
as possible and intercompared with surface air tem-
perature data from both the radiosondes and the
ship’s data acquisition system. Uncertainty in absolute
radiometric calibration (measurement accuracy) was
found to be at most £1°C in brightness tempera-
ture in the 625-675 cm™! CO, emission band. This
uncertainty corresponds to radiance uncertainties
of +1.8 mWm™Z2sr™! cm at wavenumber 800
cm™', 1.6 mWm™?sr™! cm at 1000 cm™, and
+1.2 mW m 2 sr~! cm at 1250 cm™'. Corresponding
uncertainties in estimated downwelling surface flux are
+3.0 W m~2 for the mid-IR window and +6.0 W m™2
for the measurable longwave (500-2000 cm™!).
Figure A1l illustrates typical performance of the
CalSpace FTIR Spectroradiometer during the CEPEX
cruise. Instrument responsivity and noise equivalent
spectral radiance (NESR, an indication of measure-
ment precision) are shown in Figs. 10a and 10b, re-
spectively. These curves were determined near the end
of the cruise and therefore represent the lower bound
in instrument performance. The interferometer pos-
sessed adequate responsivity throughout the spectral
interval 500-2000 cm™!, with maximal responsivity at
the short-wavenumber end of the mid-IR window.
Throughout the spectral interval 700-1300 cm™',
NESR is at or below | mW m™2 sr~! cm. (For clarity
NESR is expressed here in mW m™2 st~} c¢cm, defined
for the specific integration time rather than per root
hertz.) We have also inspected the radiometric cali-
bration spectra for anomalous phase contributions
from within the interferometer, following Revercomb
et al. (1988), and found none. In addition, we inspected
the calibrations for linearity in detector response and
determined that a possible nonlinearity introduced by
blackbody temperatures at or greater than 30°C (Grif-
fiths and de Haseth 1986) results in a radiance uncer-
tainty of less than ]| mW m % sr™!' ¢cm in the mid-IR
window, this being a maximum around 1100 cm™’.
We therefore conclude that the CEPEX FTIR data are
adequate for validating the treatment of water vapor
continuum emission in climate model radiation codes.
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