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Relationship between clear-sky atmospheric greenhouse effect
and deep convection during the Central Equatorial Pacific
Experiment: Model calculations and satellite observations
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Abstract.

This study investigates the relation between tropical convection and the

atmospheric greenhouse effect using data collected during the Central Equatorial
Pacific Experiment (CEPEX). We present calculations of total clear-sky greenhouse
effect and its partitioning between the lower, middle, and upper troposphere using high-
quality balloon soundings of temperature and humidity as input to a radiative transfer
model. The soundings were taken from a ship every 6 hours from March 7 to 20, 1993,
in the central Pacific. We examine the influence on atmospheric greenhouse effect due
to changes in humidity and lapse rate and investigate the relationship between
atmospheric greenhouse effect, water vapor, and deep convection. Our observations
indicate that periods of active or suppressed convection with timescales of the order of
days can produce large spatial gradients in clear-sky atmospheric greenhouse trapping
in warm, climatologically convective regions. While the sea surface temperature (SST)
decreased by 2 K from west to east, temperatures above 850 mbar showed
considerably less variation. Accordingly, lapse rate changes occurred primarily in the
boundary layer and such changes account for 80% of the gradient in boundary layer
greenhouse effect. The column-integrated water vapor content from the surface to 850
mbar was nearly constant in each of the regimes. Conversely, large variations in
column-integrated water vapor above 850 mbar and particularly above 500 mbar
account for nearly all the gradient in the greenhouse effect in the middle and upper
troposphere. Coincident outgoing longwave radiation (OLR) analyses derived from
satellite observations show active deep convection in areas with high clear-sky
greenhouse trapping and upper level moisture and generally clear, suppressed
conditions elsewhere. In addition, the surface net flux and outgoing flux emitted to
space decreased with increased SST. The reduced cooling of the ocean-atmosphere
system is consistent with a supergreenhouse effect operating in regions of deep

convection.

1. Introduction

The interaction between water vapor and climate is a key
issue in the global change debate. Manabe and Wetherald
[1967] showed that water vapor feedback could increase the
sea surface temperature (SST) response to a change in
radiative forcing by approximately a factor of 2. In the past
few years, several studies have given close attention to the
role of water vapor and water vapor feedbacks in determin-
ing atmospheric longwave trapping. In particular, investiga-
tors have attacked the problem using satellite observations
[Raval and Ramanathan, 1989; Rind et al., 1991; Stephens
and Greenwald, 1991; Kiehl and Briegleb, 1992; Slingo and
Webb, 1992; Webb et al., 1993] and radiation model calcu-
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lations [Kiehl and Briegleb, 1992; Slingo and Webb, 1992;
Minschwaner and McElroy, 1992; Hallberg and Inamdar,
1993]. Raval and Ramanathan [1989], Stephens and Green-
wald [1991], and Webb et al. [1993] use monthly mean data
from the Earth Radiation Budget Experiment (ERBE) to
derive a strong relationship between column water vapor
and the clear-sky atmospheric greenhouse effect. We have
defined the clear-sky atmospheric greenhouse effect (G,) in
the following manner:

Ga=F:urf_Ft-:)a 1)

F};is the upwelling longwave flux at the surface, defined as
o(SST)* where o is the Stefan-Boltzmann constant, and F{,
is the outgoing longwave flux at the top of the atmosphere.
This definition of G, is not universal (e.g., Stephens and
Greenwald [1991] have used a different definition), but we
have adopted it for this study. Kiehl and Briegleb [1992] use
the NCAR community climate model to show that clear-sky
outgoing longwave flux in the tropics can decrease by as
much as 35 W m 2 due to a twofold increase in column water
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vapor associated with the onset of a deep convective event.
Central to these studies is the influence of deep convective
activity in the tropics on G,.

Ramanathan and Collins [1991], using monthly mean
observations of the 1987 El Nifio taken as part of ERBE,
have found that much of the warmest tropical ocean is
unstable with respect to cooling by longwave radiation, a
phenomenon known as the ‘‘supergreenhouse effect.’”” In
other words, the increase in G, with SST is greater than the
corresponding increase in surface emission. The onset of the
supergreenhouse effect coincides with the threshold temper-
ature for deep convection of 300 to 301 K proposed by
Gadgil et al. [1984] and Graham and Barnett [1987]. Inam-
dar and Ramanathan [1994] use ship soundings from the
period 1985 to 1989 in conjunction with radiation model
calculations to compare vertical water vapor distribution and
G, between regions with SST below and above this thresh-
old. They found a sharp increase in low-level water vapor
concentration and G, with SST, particularly at SST higher
than approximately 300 K. Their calculated average increase
in G, from climatologically convective to nonconvective
profiles of 6.9 W m~2 K~! is greater than the increase in
surface emission with temperature (approximately 6 W m 2
K ! at 300 K). Exploring the nature of the supergreenhouse
effect and the effect of deep convection on atmospheric
trapping of longwave radiation was a goal of the Central
Equatorial Pacific Experiment (CEPEX) conducted in the
spring of 1993.

The primary goal of this paper is to focus on regions where
the surface temperature is everywhere above the threshold
for deep convection. Both spatial correlation of monthly
mean G, with SST and temporal correlation of interannual
variations of monthly mean G, with SST indicate a super-
greenhouse effect, dG,/dSST > 6.5 W m 2 K ~!. It has been
shown [Minschwaner and McElroy, 1992; Hallberg and
Inamdar, 1993] that to produce a supergreenhouse effect,
increases in absolute humidity with SST are required that are
far beyond the thermodynamic dependence of water vapor
concentration on temperature in a fixed relative humidity
system. This is in contrast to the region below the threshold
temperature for deep convection where the coupling be-
tween G, and water vapor is governed by the Clausius-
Clapeyron relation. The fundamental question is: what pro-
cesses contribute to the moistening of the atmosphere over
warm oceans? An obvious candidate is deep convection. If
we can link the supergreenhouse effect with pronounced
moistening of the troposphere and if we can in turn link this
moistening with deep convection, then we are somewhat
closer to providing a fundamental understanding of the
correlations obtained from satellite studies. The previous
studies suggest that the variation of G, with SST can be
expanded as a sum of partial derivatives. Mathematically, let
us define, on monthly or longer timescales, with g represent-
ing absolute humidity, I" representing lapse rate, and T =
SST:

dG, 3G, 9G,dq . 3G, dT
dT 8T aq dT oTr dT

©))

It will be shown below that the contribution of changes in
lapse rate to changes in G, are important in the boundary
layer, but small elsewhere. Studies of the supergreenhouse
effect indicate that above the threshold temperature for deep
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convection, the local change in water vapor due to the
Clausius-Clapeyron relation is insufficient to explain ob-
served water vapor increases. Therefore let us write

dq 9q aq dC
gl e 3
dT 4T oC dT

C is an index for deep convection such as outgoing longwave
radiation (OLR). The second term on the right represents the
moistening effect of deep convection scaled by the frequency
of deep convection as a function of SST. The local effect of
changes in SST, 0G,/dT, which depends on the increase in
surface emission with increasing SST due to the Stefan-
Boltzmann relation, as well as dq/dT, has been shown to be
insufficient to produce a supergreenhouse effect [Hallberg
and Inamdar, 1993], though 0G ,/dT does contribute to our
observed gradients. In this investigation we are interested in
3G,/3q and aq/dC, since the determination of dC/dT is
beyond the scope of the CEPEX sample.

This study uses radiation model calculations employing in
situ vertical soundings of temperature and water vapor taken
during CEPEX. One of the advantages of performing clear-
sky radiation calculations with soundings taken in clear and
cloudy conditions is that one can avoid certain potential
biases inherent in G, estimates from satellite data [Raval
and Ramanathan, 1989; Ramanathan and Collins, 1991]. In
this study, satellite data are used to determine the spatial and
temporal relationship between the soundings and the synop-
tic-scale convective activity. We present satellite observa-
tions from the Japanese meteorological satellite GMS 4 as
well as NMC pentad outgoing longwave radiation (OLR)
analyzed fields, spatially and temporally colocated with the
balloon soundings. This study shows that large variations in
G, are possible even throughout an area which is potentially
convective everywhere (SST > 300 K) and that such varia-
tions depend on proximity in space and time to individual
deep convective episodes.

Section 2 provides a description of the radiation code as
well as the water vapor and temperature soundings. Section
3 seeks to establish the connection between enhanced upper
level water vapor and deep convection. Section 4 extends
this connection to derived quantities such as G,, surface
fluxes, and atmospheric heating tendencies. Section 5 is
summary and discussion.

2. Method
Model

For the radiation calculations this study uses a version of
the LOWTRAN 7 code at 20 cm ~! resolution [Kneizys et al.,
1988]. The continuum parameters are those used in
LOWTRAN 6. There are 53 vertical levels with a typical
thickness of 20 mbar from the surface to the top of the
atmosphere (TOA). The internal resolution of the radiative
transfer calculation is 1 mbar. The model includes contribu-
tions from water vapor (including temperature-dependent
continuum absorption), carbon dioxide, ozone, methane,
and nitrous oxide. The trace gas data are from the Mc-
Clatchey standard tropical atmosphere. Computed fluxes
from LOWTRAN 7 agree to within 3 W m ~2 with those from
line-by-line calculations [Ellingson et al., 1991] and to within
5 W m 2 with colocated surface pyrgeometer measurements
[Dutton, 1993].
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Figure 1.

Map of the Central Equatorial Pacific Experiment (CEPEX) region showing the track of the

R/V Vickers (dashed triple-dotted line from Honiara to Christmas Island and beyond).

Water Vapor and Temperature Profiles

The calculations in section 4 use vertical soundings of
water vapor and temperature from Vaisala upsondes as input
to the radiation code. The upsondes are accurate to 1 mbar
in pressure, 1 K in temperature, and 5% in relative humidity
up to approximately 250 mbar and are probably accurate
within 10% at altitudes between 250 mbar and approximately
150 mbar [Kley et al., 1993]. The soundings represent a
high-quality water vapor and temperature data set for the
middle and upper troposphere. There is some evidence that
these soundings are dry by up to 10% relative humidity in the
boundary layer (S. Sherwood, personal communication,
1993). One of us (H. Grassl) is currently investigating this
possibility. A uniform increase of 10% in mixing ratio from
the surface to 850 mbar changes the calculated G, values by
less than 1 W m ™2 and changes the surface downwelling flux
values by approximately 5 W m™

The soundings were launched 4 times daily (0000, 0006,
1200, and 1800 UT) from the R/V John Vickers during
CEPEX. The model profiles consist of standard climatolog-
ical values above approximately 120 mbar. The results in this
study are based upon 46 soundings covering the period
March 7-20, 1993 (UT) as the ship proceeded primarily at 2°
south of the equator from Honiara to Christmas Island
(Figure 1).

All the soundings were averaged to create mean temper-
ature and water vapor profiles. These mean profiles were
used to construct two additional sets of soundings: one with
a mean temperature profile (including a mean SST of 301.7
K) and individual mixing ratio profiles and one with a mean
mixing ratio profile and individual temperature profiles (in-
cluding individual SSTs). This paper will refer to the three
sets of profiles as standard, fixed temperature, and fixed

water vapor, respectively. The current study uses these
three sets to identify contributions to the gradient in green-
house effect across the CEPEX region from water vapor and
lapse rate gradients. In particular, we have divided the
atmosphere into three regions: surface to 850 mbar, 850 to
500 mbar, and 500 to 200 mbar to investigate the relative
roles of water vapor and lapse rate gradients in the lower,
middle, and upper troposphere.

3. Relation of Atmospheric Humidity to
Convection

Observed Sea Surface Temperature (SST) and Water Vapor

Figure 2 shows the SST variation for all the soundings
used in this study. These are temperatures from the National
Meteorological Center (NMC) blended analysis [Reynolds,
1988] for each day corresponding to a balloon launch. The
total range is of the order of 2 K. It is notable that the
minimum SST is above 300 K. We have compared the NMC
SSTs with the Vickers 3-m-depth ship-intake temperatures
and have found excellent agreement between the two. Over
the 46-sounding launch period the mean difference between
the two is 0.04 K, while the rms difference is 0.31 K. The
Vickers data are much noisier than the NMC data since it is
sampled every 5 min. We have compared the LOWTRAN-
derived radiometric quantities discussed in this paper calcu-
lated with NMC SSTs to those calculated with Vickers SSTs
and have found insignificant differences between the two.
The values reported here are those calculated with NMC
SSTs.

Figures 3a and 3b show the variation in column water
vapor across the CEPEX region calculated from the stan-
dard set of 46 soundings. The integral was computed by
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Figure 2, Variation of the National Meteorological Center

(NMC) blended sea surface temperature (SST) analysis
[Reynolds, 1988] along the track of the R/V Vickers.

summing over pressure levels. There is a large gradient from
west to east which is due almost entirely to variation in the
middle and upper troposphere. Though the absolute gradient
is lower in the upper than in the middle troposphere, the
upper tropospheric gradient represents a much higher per-
centage change (see Shine and Sinha [1991] for additional
discussion of related points). Significant west-to-east gradi-
ents in water vapor mixing ratio are present at all levels
between 500 and 200 mbar. It is interesting to note the group
of points beginning between March 18 and 19 on each of the
curves in Figures 3a and 3b. In the total, middle, and upper
troposphere curves there is a sharp increase in column water
vapor, reversing much of the west-to-east decrease. We will
return to this below.

National Meteorological Center (NMC) Outgoing Longwave
Radiation (OLR) and GMS 4 Observations

To establish a climatological context for the calculations
of the following sections, Figure 4 shows NMC pentad OLR
analyses for the dates immediately before, during, and
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immediately after the passage of the R/V Vickers through the
CEPEX region. Refer to Figure 1 for the exact ship track.
Contours with OLR < 240 W m ~2 are represented by dashed
curves.

The prevalence of deep convection is evident in regions of
low (<200 W m ~2) values of OLR west of the dateline from
March 7 to 11 as the Vickers proceeded from 160°E to 177°E.
From March 12 to 16 the Vickers proceeded along the 2°S
line from 178°E to 196°E under increasingly clear conditions
cha;‘acterized by OLR values ranging from 240 to 270 W
m™-.

For the period March 17-21 the Vickers was in the vicinity
of Christmas Island (2°N, 202°E). The lower OLR values
between 210 and 240 W m ™2 correspond to an increase in
convective activity. Recall from Figure 3b that the upper
troposphere is significantly moister after 1200 UT on March
18 than in the previous soundings. Figure 4 shows active
convection occurring at the position of the R/V Vickers for
the first time on its course through the eastern half of the
CEPEX region. This is correlated with strong increases in
middle and upper tropospheric water vapor.

To use the observed GMS brightness temperatures to
diagnose convection, we averaged the temperatures from the
hourly satellite scan closest to each sounding launch time
over a 10* km? block centered on the launch point. We also
recorded the minimum brightness temperature within the
block (Figure 5). The 100 km X 100 km region was used to
account for drift in the balloon after launching. The sounding
data and corresponding calculations were collected into two
bins, one in which the 10* km? minimum brightness temper-
ature was less than 250 K and one in which it was greater
than or equal to 250 K. In this sample, temperatures less
than 250 K usually indicate some convective cloud presence
in the 10* km? region around the launch point. However, it
is misleading to use infrared window brightness temperature
alone as an index for convection, since one would observe
similar temperatures from a case in which the scene was
completely covered by high, thin cloud not associated with
any deep convection and from a case in which half the scene
was obscured by high, thick cloud associated with a deep
convective system. For example, the cold points around
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Figure 3. (a) Column-integrated water vapor in kilograms per square meter (kg m ~2) calculated using the
Vaisala soundings. Total column (solid curve), surface to 850 mbar (thin dashed curve), and 850 to 500
mbar (thick dashed curve). (b) 500- to 200-mbar column-integrated water vapor in kg m ~2.
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Figure 5. Mean and minimum GMS infrared window chan-
nel brightness temperature in K along the R/V Vickers ship
track. Values are associated with a 10 km? region centered
on the launch point of each sounding.

March 15-16 in Figure 5 have low values of G, characteristic
of the surrounding clear points. As will be discussed below,
250 K represents a dividing line between two distinct popu-
lations of samples. Examining data taken along the ship
track in the context of the satellite data gives us enough
information to establish the connection among deep convec-
tion, water vapor, and G,. Table 1 shows the mean column
water vapor calculated for each of the two bins. The gradient
from Table 1 is extremely similar to the inferred gradient
from the time series along the ship track (Figures 3a and 3b).
The gradient in 500- to 200-mbar water vapor in Table 1 is of
the order of 150%. The balloon soundings indicated temper-
ature changes at those pressures of the order of 0.5 K, which
translates into purely thermodynamic changes of the order of
less than 10%. Clearly, large increases in relative humidity
are associated with the areas of deep convection.

4. Greenhouse Effect, Surface Fluxes
and Heating Tendency

Greenhouse Effect

The radiation calculations show considerable variation of
the order of 3040 W m~2 in G, along the ship track (solid
curve in Figure 6). The total range in G, brackets the mean
value of 184 W m 2 obtained by Inamdar and Ramanathan
[1994] for soundings above the threshold temperature for

Table 1. Column-Integrated Water Vapor for the Total
Column, and Lower, Middle, and Upper Troposphere,
Binned by GMS Infrared Window Channel Brightness
Temperature

Column Water Vapor GMST <250 K GMST >= 250 K
Total column 49.9 kg m 2 39.4 kg m 2
Surface to 850 mbar 22.4 kg m2 21.0 kg m 2
850 to 500 mbar 23.5kgm™2 16.8 kg m 2
500 to 200 mbar 4.0 kg m2 1.6 kg m 2

WEAVER ET AL.: ATMOSPHERIC GREENHOUSE EFFECT AND TROPICAL CONVECTION

210_.-..-'|-| T T T
200 [

190

Ga (W/m2)
®
Qo
T

170

Standard
160 [ |- — - -Fixed Temperature B

mmw=Fixed Water Vapor

1 1 1 n | I | IR T N STl

150 7 9 11 13 15 17 ‘9 21
Day in March
161.4 169.7 178.5 185.2 193.1 201.1 206.6

East Longitude (degrees)

Figure 6. Total G, along the ship track in W m 2 (equa-
tion (1)) calculated using the standard (solid curve), fixed
temperature (thin dashed curve), and fixed water vapor
(thick dashed curve) soundings.

deep convection. Table 2 shows mean values of all the
greenhouse effect calculations for GMS brightness tempera-
tures less than 250 K and GMS brightness temperatures
greater than or equal to 250 K. For soundings associated
with a brightness temperature of less than 250 K, the mean
G, is 189.4 W m™%. For soundings associated with a
brightness temperature of 250 K or greater, the mean G, is
171.9 W m 2. Thus the difference in G, between the two
regimes is 17.5 W m 2.

The results of three calculations of G, are shown in Figure
6 using the standard, fixed temperature and fixed water
vapor soundings, respectively. By using the fixed tempera-
ture soundings, one eliminates variability in G, due to
variability in atmospheric temperatures and SST. By using
the fixed water vapor soundings, one eliminates variability in
G, due to variability in water vapor. The gradient in G, from
Table 2 of 15.0 W m ~2 calculated using the fixed temperature
soundings is 86% of the gradient in G, calculated using the
standard set of soundings. In other words, most of the total
gradient is due to changes in water vapor alone, independent
of changes in SST and 7T(z). One can compare G, in Figure

Table 2. Summary of G, Calculations for the Three
Cases Using the Standard, Fixed Temperature, and Fixed
Water Vapor Soundings, Binned by GMS Infrared
Window Channel Brightness Temperature

Ga Glow Gmid Gup
Standard Soundings
GMS T < 250 189.4 44.7 75.7 57.4
GMS T >= 250 171.9 40.5 69.5 50.2
Fixed T Soundings
GMS T < 250 187.5 43.1 75.9 57.6
GMS T >= 250 172.5 42.0 69.1 50.1
Fixed W Soundings
GMS T < 250 182.8 4.1 72.4 55.3
GMS T >= 250 180.4 40.9 73.1 55.3

Numbers represent the mean of all the soundings in a temperature
bin. All values are in kilograms per meter (kg m~2).

Numbers represent the mean of all soundings in a temperature
bin. All values are in watts per square meter (W m™2).
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Figure 7. Total G, normalized by surface emission calcu-
lated using the standard soundings.

6 to column water vapor shown in Figure 3a and 3b and
Table 1. The gradient in fixed water vapor G, from Table 2
is 2.4 W m 2. These results indicate that a similar strong
statistical correlation between water vapor and G, (or
quantities similar to G,) from monthly average observations
[Raval and Ramanathan, 1989; Stephens and Greenwald,
1991; Webb et al., 1993] holds on much shorter timescales.
In an alternative preseniation, Figuie 7 shows G, noimal-
ized by surface emission (¢SST*). This approximately elim-
inates the contribution of 4G ,/d(SST). The two groups of
points with elevated normalized G, at the western and
eastern edges of the ship track are those associated with
deep convection (low OLR and low GMS infrared brightness
temperatures).

Lower troposphere G, is shown in Figure 8 for the cases
standard, fixed temperature, and fixed water vapor. In a
similar manner to (1) we can define G, for a given layer in
the atmosphere by the following:
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Figure 8. Surface to 850 mbar G, (G,,) along the ship
track in W m 2 (equation (4)) calculated using the standard
(solid curve), fixed temperature (thin dashed curve), and
fixed water vapor (thick dashed curve) soundings.
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ture in K along the ship track.

Gi=Fi+_Fitr1 4)

In this case, F;* is the upwelling flux at the base of the layer
and F;%, is the upwelling flux at the top of the layer. The
lower troposphere contributes 4.2 W m 2 to the gradient in
total column G, calculated using the standard set of soundings
(Table 2). In a reversal of the situation for the total atmospheric
column we see that the fixed water vapor case reproduces most
of the variability of the standard case (3.2 W m ~2), while fixing
the temperature profile eliminates most of the gradierit, reduc-
ing it to 1.1 W m 2. This is due primarily to the small variation
in column water vapor in the lower troposphere and the change
in surface emission due to the west-to-east gradient in SST. We
find little variation of water vapor below 850 mbar due to
changes in surface temperature. Thus we see that lapse rate
changes are important in the lower troposphere, in agreement
with Inamdar and Ramanathan [1994]. As the SST increases,
we find that temperature changes immediately above the
boundary layer remain small (Figure 9). This results in an
increase in the lower-level lapse rate with SST and an enhance-
ment of the longwave trapping. Wallace [1992] and Lindzen
and Nigam [1987] have noted that tropical atmospheric tem-
peratures above the boundary layer are relatively homoge-
neous over large longitudinal areas.

From Table 2 we see that the middle troposphere contrib-
utes 6.2 W m ~? to the gradient in total column G, calculated
using the standard set of soundings (also see Figure 10).
Recall that in Table 1, the middle troposphere column water
vapor gradient was 6.7 kg m 2. It is notable that even with
most of the absolute column water vapor change in the
middle troposphere, changes in the 850- to 500-mbar G, only
account for 35% of the total column gradient in G,. The
troposphere below 500 mbar contributes 59% to the total
gradient in G,.

The variation in G, in the upper troposphere is clearly
dominated by changes in g (Figure 11). Table 2 shows a G,
gradient of 7.2 W m ~2, 41% of the total atmospheric change.
Furthermore, G, from 500 to 200 mbar represents 50% of the
total column gradient due to changes in water vapor alone
(the fixed temperature case). This gradient is due to a
systematic decrease in upper troposphere water vapor
of ~2.5 kg m~2 from soundings associated with GMS
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Figure 10. 850- to 500-mbar G, (G p,;4) along the ship track
in W m 2 (equation (4)) calculated using the standard (solid
curve), fixed temperature (thin dashed curve), and fixed
water vapor (thick dashed curve) soundings.

brightness temperatures less than to greater than 250 K
(recall Table 2). The fixed water vapor curve shows essen-
tially no trend across the CEPEX region. A small absolute
change in upper troposphere water vapor (but a large per-
centdge change) leads to a large change in G,. This en-
hanced trapping is due to the emission of radiation from
water vapor at the low temperatures characteristic of the
upper troposphere [Liou, 1980]. Thus the largest contributor
to the rapid rise in G, from clear to cloudy regions is a
significant moistening of the troposphere between 500 and
200 mbar. In section 3 we discussed the correspondence
between the observed upper tropospheric moisture field and
the prevalence in space and time of deep convective events.
Berts [1990] and Sun and Lindzen [1993] suggest that deep
convection leads to moistening of the upper troposphere due
to evaporation and dissipation of cirrus anvils associated
with cumulonimbus towers.
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Figure 11. 500- to 200-mbar G, (G,,) along the ship track

in Wm™2 (equation (4)) calculated using the standard (solid
curve), fixed temperature (thin dashed curve), and fixed
water vapor (thick dashed curve) soundings.
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Figure 12. Surface net flux gupwelling minus downwelling)
along the ship track in W m ~“ calculated using the standard
(solid curve), fixed temperature (thin dashed curve), and
fixed water vapor (thick dashed curve) soundings.

Fluxes and Atmospheric Heating Tendency

The net longwave flux at the surface is important in the
surface energy balance. One can also use upwelling and
downwelling fluxes in the atmosphere to determine the
amount of radiative energy a given layer is gaining or losing.
Figure 12 shows a broad increase in surface net flux from
west to east until approximately 190°E, followed by a
decrease to the edge of the sampling region. This general
trend agrees with in situ measurements onboard the R/V
Vickers from a high-precision Fourier transform infrared
spectroradiometer [Lubin, 1993]. The surface emission de-
creases as the temperature decreases from west to east. This
is visible in the fixed water vapor curve of Figure 12,
indicating that water vapor changes are responsible for most
of the variability in downward flux at the surface. The
additional downwelling flux at the surface is due to increases
in water vapor below 700 mbar. The sharp minimum in
downward flux (and consequently the maximum in net flux)
corresponds to minima in the lower and middle troposphere
column water vapor (Figure 3a). One can observe from these
calculations that moving from 160°E until 190°E, the de-
crease in surface downward flux exceeds the decrease in
surface upward flux leading to an overall increase in net flux.
East of approximately 190°E the combination of decreased
surface emission and increased water vapor concentration
below 700 mbar cause the surface net flux to decrease again.
If we bin the surface flux calculations by GMS brightness
temperature in the same way as the greenhouse effect
calculations (Table 3), we find a cloudy-to-clear gradient in
net flux of —6.6 W m 2 and in downward flux of 9.0 W m 2.
Following Ramanathan and Collins [1991] and Inamdar and
Ramanathan [1994] it becomes more difficult for the surface
to cool radiatively as SST increases. The heating of the
entire column is given by

H=G,— F_ &)

where F ¢ is the downwelling flux at the surface. This is a
negative quantity, so there is a net radiative cooling of the
atmosphere. The increase in downward flux of 9.0 W m ™2 is
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Table 3. Surface Net Flux and Surface Downwelling
Flux Binned by GMS Infrared Window Channel
Brightness Temperature

Flux Quantity GMS T < 250 K GMS T >= 250 K

Net flux at surface 60.2 W m™2 66.8 W m™2
Surface emission 470.4 W m™2 468.1 W m—2
Down flux at surface 4103 W m™2 401.3Wm™?

Numbers represent the mean of all calculations over the particular
group of soundings. All values are in W m 2.

smaller than the increase in G, (17.5 W m™2 from the
previous section). Thus there is a reduced atmospheric
radiative cooling of 8.5 W m~2 in the convective regime
compared to the nonconvective regime.

Figures 13a—13c show the heating tendency for the lower,
middle, and upper troposphere. We define heating tendency
of a layer as follows:

H;=G;+(Fiy, - F;) ()]

G, is the greenhouse trapping of a given atmospheric layer
(equation (2)). F;1 and F; represent the downwelling flux
at the top and bottom of the layer, respectively. We expect
H; to be negative in the troposphere (cooling). Larger
negative values indicate increased cooling. One can imme-
diately identify two points: first, the gradient in H is more
strongly dependent on water vapor than temperature
changes in all three layers (e.g., the fixed temperature versus
the fixed water vapor curve in Figures 13a-13c); second,
Figures 13a—13c show broad decreases in cooling under
convective conditions in the lower and middle troposphere
but a clear increase in the upper troposphere. The additional
upper level water vapor in the convective regime produces
strong cooling above 500 mbar with a total gradient from
convective to nonconvective areas of approximately 30 W
m 2. Below 500 mbar the increase in G, under cloudy skies
combines with a corresponding increase in the downward
flux into the layer, overbalancing the increase in downward
flux out of the layer and reducing cooling. This is interesting
in light of Inamdar and Ramanathan’s [1994] finding that
atmospheric cooling is greater at all altitudes in the convec-
tive regime compared to the nonconvective regime. In this
study, the greatly increased opacity above 500 mbar in the
convective regime produces a large downwelling flux which
heats the levels below. It is possible that the cooling of the
upper troposphere and the heating of the lower stimulates
additional deep convective events by destabilizing the atmo-
spheric column and contributes to the persistence of synop-
tic-scale deep convection in a particular region.

5. Summary and Discussion

This work is an extension of previous studies which
considered radiation and water vapor interactions in clima-
tologically convective and nonconvective oceans. The entire
region under investigation can be considered climatologi-
cally convective with SST everywhere greater than 300 K
(and mostly greater than 301 K). This inference is borne out
by observations of active deep convection both in the
warmer, western half of the CEPEX region and in the
predominantly clear eastern half toward the end of the
sampling period (Figures 4 and 5).
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Figure 13. (a) Heating tendency along the ship track in W

m~2 (equation (6)) in the layer surface to 850 mbar calculated
using the standard (solid curve), fixed temperature (thin
dashed curve), and fixed water vapor (thick dashed curve)
soundings. (b) Same as Figure 13a but for the layer 850 to 500
mbar. (¢) Same as Figure 13a but for the layer 500 to 200
mbar.
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Lower-level water vapor mixing ratio and low-level col-
umn-integrated water vapor show little variation from west
to east, or little thermodynamic variation with SST. Middle
and upper level column-integrated water vapor show large
gradients, decreasing significantly in clear-sky conditions.
These gradients are much larger than expected changes due
only to temperature in a fixed relative humidity system.

Colocated NMC OLR analyzed fields and satellite obser-
vations show active deep convection in the areas with high
G, and generally clear, suppressed conditions in the areas
with low trapping. At the end of the sampling period the ship
sailed into a region of convection in the previously clear
ocean (Figures 4 and 5). The effects of convection are easily
seen in the strong rise in G, and upper tropospheric water
vapor (soundings 41-45 in Figures 3b, 6, and 7).

Total atmospheric column G, and particularly 500- to
200-mbar G, show large variation and a general increase
under convective conditions. The 500- to 200-mbar G,
represents approximately 41% of the total gradient, due to
significant moistening of convective soundings above 500
mbar. By fixing the water vapor and temperature profiles in
turn for each sounding, we find that 86% of the gradient in
total G, and 100% of the gradient in 500- to 200-mbar G, is
due to the gradient in water vapor alone, independent of
changes in the temperature profile. In the lower troposphere
from the surface to 850 mbar the west-to-east variation in G,
can be explained largely by a steepening of the lapse rate
near the surface as the SST increases toward the west.
Above 850 mbar the atmosphere is relatively homogeneous
in temperature (recall Figure 9).

Though the difference in G, between the soundings with
GMS brightness temperatures less than 250 K and those with
brightness temperatures greater than or equal to 250 K is
17.5 W m ™2, the corresponding difference in downwelling
flux at the surface is only 9.0 W m ~2, indicating a decreased
radiative cooling of the atmosphere in the region associated
with deep convection. This effect has been modeled by
Minschwaner and McElroy [1992]. The results indicate that
G, increases due to upper tropospheric moistening by deep
convective events. The corresponding effect on F o is less
since the tropical atmosphere is optically thick, and F g is
dominated by the temperature and humidity profile near the
surface.

There is a pronounced increase in cooling above 500 mbar
in the west compared to the east due to enhanced water
vapor concentration. This contrasts with decreased cooling
in the middle and lower troposphere in the deep convective
regime. This would tend to destabilize the column in regions
of deep convection and could indicate a feedback that allows
deep convection to persist. This study ignores the effect of
clouds, however, which could alter the magnitude and even
the sign of the inferred feedback.

Figure 14 is a summary of the results of this study in the
form of a phase diagram of G, as a function of SST and mean
GMS infrared brightness temperature. The mean brightness
temperature is just that described in section 3 and Figure 5.
We consider clear skies to be those with a mean brightness
temperature at least 280 K. The CEPEX observations have
allowed us to fill in parts of the diagram: in particular, clear
skies at all SSTs and cloudy skies at SSTs above 302 and
around 300.5 K. G, varies along both axes. The variation
along the SST axis for clear skies agrees well with aircraft
radiometer measurements taken during CEPEX [Valero et

WEAVER ET AL.: ATMOSPHERIC GREENHOUSE EFFECT AND TROPICAL CONVECTION

300

158.5 167.2 169.7

P I RIS SRR N
173.7 169.1

280

g 270 :
g 187.7
L : .
8 260 SRS S — -
2 184.5 181.6 169.1
3 .
8 250 e - e e
240 e e e R
230 —--eeeeeees R S
220 T T ; ; T
300.0 300.5 301.0 301.5 302.0 302.5 303.0
SST (%K)

Figure 14. Phase diagram of G, (W m_z) in SST and mean
GMS infrared brightness temperature space.

al., 1993]. For mean brightness temperatures above 280 K
the variation is due to the change in surface emission
associated with an SST range of ~2 K and also to changes in
water vapor concentration above 850 mbar. The variation in
mixing ratio is much larger than can be explained by purely
thermodynamic changes since the temperature is quite uni-
form. By recalculating the phase diagram with the fixed
temperature and fixed water vapor profiles, we find that the
relative magnitudes of the SST and water vapor effects are
approximately equal. In contrast, the variation along the
brightness temperature axis is due almost entirely to varia-
tions in water vapor. Note that the bin bounded by SSTs of
301 and 301.5 K and brightness temperatures of 250 and 260
K is associated with the anomalous cloudy points on March
15-16 (Figure 5). These appear to be associated with high
(cold) cloud but not necessarily with active deep convection.

From this and previous studies it seems clear that deep
convection decreases outgoing longwave radiation both
through cloud longwave forcing and through its association
with upper tropospheric moistening. It is worthwhile to point
out that we consider a sample in which all the soundings are
potentially convective, while Inamdar and Ramanathan
[1994] compare soundings between climatologically convec-
tive and nonconvective regimes. We can extend their mech-
anism for the supergreenhouse effect in the following man-
ner. In the transition from climatologically nonconvective to
climatologically convective regimes, G, increases with SST
due to a steepening of the lapse rate at all levels and due to
increasing water vapor concentrations in the lower and
lower-middle troposphere following the increase in temper-
ature. Once the threshold temperature for deep convection is
passed, lapse rate steepening remains important only in the
lower troposphere below approximately 850 mbar. Since
lower tropospheric water vapor becomes nearly constant,
sharp increases in G, come from increases in upper level
water vapor due to deep convection.

We may restate the key issue as follows: In the CEPEX
sample, when SST reaches the threshold temperature for
deep convection, large changes in G, at fixed SST are
associated with synoptic-scale deep convective events. In
this paper we have examined the variation of G, with
convection. The total derivative of G, with SST depends on
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a statistical correlation between the SST and the frequency
of deep convection. Waliser et al. [1993], using satellite
observations, and Zhang [1993] have shown a correlation
between higher SST and increasing deep convection in the
temperature range for deep convection. The space and
timescales on which this relationship holds is crucial to
determining the nature of the supergreenhouse effect in the
tropics.
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