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ABSTRACT

We propose an analysis technique for monitoring the planetary greenhouse effect from space. 2
quantities are used as a measure of the atmospheric greenhouse effect: (1) G,, which is the
reduction in the clear sky outgoing longwave radiation (OLR) due to the atmosphere; it is the
radiative heating of the surface-atmosphere column; (2) G}, which is the back radiation from
the atmosphere to the surface; it is the radiative heating of the surface by the atmosphere. G, is
obtained from satellite observations of OLR and surface temperature. Here, we develop a tech-
nique to obtain G} from a combination of OLR (broadband and window channel), surface
temperature, column water vapor amount and near-surface air temperature. The difference, G, —
G}, yields the net radiative cooling of the atmospheric column. While the technique is applicable
for any radiometric observations, it is demonstrated here for the proposed cloud and the earth’s
radiant energy systems (CERES). CERES will have in addition to the broadband channel (4 to
200 pm), a channel in the atmospheric window (8—12 pm) to provide continuous radiation flux
data. The potential benefits of the window channel in estimating the surface downward longwave
flux, as also in addressing the water vapor feedback and continuum-related studies are explored
in this paper. The success of the method in unravelling the water vapor — radiative interactions
is illustrated by 2 case studies using ship and satellite data for the 1985 to 1990 period: (a) the
seasonal and latitudinal variation in the northern tropical oceans; (b) seasonal to inter-annual
variations averaged over the entire tropical (30° N to 30° S) pacific ocean. In both instances, the
column greenhouse effect (G,) varies significantly on seasonal and inter annual time scales and
is larger in the warmer months. Furthermore, variations in G* exceed those in G,, such that the
atmospheric cooling increases in the warmer, moist atmosphere. The water vapor continuum
plays a significant role in the tropical variations of G* and tropospheric radiative cooling.

1. Introduction

Two measures are used to quantify the magni-
tude of the atmospheric greenhouse effect: G, and
G¥ (Table 1). G, is the reduction in the outgoing
longwave radiation (OLR) due to the presence of
the atmosphere and G¥ is the downward longwave
radiation at the surface. G, is a measure of the
vertically integrated atmospheric greenhouse effect
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e-mail: anand@fiji.ucsd.edu or ram@ucsd.edu

from the surface to the top-of-the-atmosphere and
enters directly into the governing equations of
climate (Dutton, 1995). It can be estimated from
satellite measurements of OLR, data for surface
temperature and emissivity (Table 1). As shown
in Raval and Ramanathan (1989) and Stephens
and Greenwald (1991), latitudinal and seasonal
variations in G, can be used to understand the
water vapor greenhouse effect and its variations.
Global mean variations in G, on time scales
ranging from months to years can be used to
understand the role of water vapor feedback in
climate changes.
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Table 1. Table of symbols and definitions

217

Symbol Description Comments and definition
T, surface temperature K
T, atmospheric temperature subscript indicates the pressure level
Wiot total column precipitable water gem™?
*FE longwave flux at the top of atmosphere Wm™2
G} downward longwave flux at the surface Wm™?
F§ surface black body emission ~oT?
¥ normalised F fa=FX%/Fy
g* normalised G* gx=G¥/F§
G, clear-sky greenhouse effect of the atmosphere G,=F§ —F}
g, normalised G, 8.=G F§=1—f2
Iy downwelling radiance in the 500 to 2000 cm ™! range W m™? sterad !
€ surface emissivity

* The second subscripts “win” and “nw” for any flux parameter denote the corresponding quantities integrated over
the window (8-12 pm) and non-window spectral intervals respectively.

The next important component is G¥, the down-
ward longwave flux at the surface. It has been
suggested (Minschwaner and McElroy, 1992) that
the downward longwave flux may be adopted as
an alternate measure of the strength of the green-
house effect. Increase in G¥ contributes to a direct
radiative heating of the surface, while the differ-
ence, G, — G¥, denotes the radiative forcing of the
atmosphere, i.e.,

AR, (SA)=AG,
AR, (S)=AG*
AR, (A)=AG,—AG*

where SA is surface atmospheric column; S is
surface and A is atmosphere (vertically integrated
from z=0km to oo and subscript | denotes long-
wave flux.

One problem with G¥ is the lack of direct high-
quality measurements at the surface on a global
scale. Almost no measurements are available at
the oceans. The present study explores how G,
and other correlative satellite data could be used
to predict the surface longwave flux.

A comparative analysis of different approaches
used in deriving the downward longwave flux is
given next, followed by the theoretical formulation
and a description of the input data sources. The
present approach to obtain the surface fluxes from
satellite measurements is described in the next
section. The ocean and land surfaces have been
treated separately. Validation of the parameteriza-
tions using data from field experiments is pre-
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sented in Section 4. Section 5 describes application
of the technique using ERBE (earth radiation
budget experiment) and SSMI (special scanning
microwave imager) water vapor data and illus-
trates how we can analyse the water vapor radiat-
ive interactions, followed by summary and
discussions at the end.

2. Obtaining clear-sky downward surface flax
from satellite measurements

2.1. Surface longwave radiation budget

There have been a number of studies dealing
with the problem of retrieving the surface long-
wave radiation budgets. The methods employed
can be classified as either physical, empirical or
statistical. The physical methods are based on the
application of the radiative transfer theory (Frouin
et al, 1988; Darnell et al.,, 1983; Wu et al,, 1989)
employing the profiles of temperature, humidity
and other species in the atmosphere. Random and
systematic errors imposed on the retrieved geo-
physical parameters limit the accuracy of the
surface longwave fluxes. For instance, sensitivity
tests (Wu et al., 1989) have shown that an uncer-
tainty of 2 K in temperature profile could cause
an error of 5-6 W m~2 and an uncertainty of
10-20% in the relative humidity would result in
errors of about 12 W m™~2 in the surface flux. This
explains why the standard errors in the surface
fluxes derived from the operational satellites and
even the full radiative transfer formalism are no
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better than those derived from the empirical for-
mulae. The numerous simple empirical relation-
ships (Brutsaert, 1975; Idso, 1981; Schmetz et al.,
1986; Tuzet, 1990) or bulk formulae employ the
near-surface parameters to predict the downward
flux. A drawback of these empirical methods is
that they are applicable for only a selected range
of surface temperatures and have very poor sensit-
ivities to humidity perturbations in the atmosphere
(Schmetz, 1986).

Statistical methods, on the other hand, employ
a combination of top-of-the-atmosphere spectral
radiances measured by AVHRR (advanced very
high resolution radiometer) /HIRS-2-type (high
resolution infrared sounder) instruments to obtain
surface fluxes through regression techniques
(Schmetz, 1986; Gupta, 1989). Gupta (1989)
developed parameterized equations for computing
the surface longwave flux based on the results of
detailed radiative transfer computations using
meteorological data from NOAA/TOVS (TIROS
operational vertical sounder). Later the technique
was modified (Gupta et al., 1992) using the met-
eorological data from the international satellite
cloud climatology project (ISCCP) instead of
TOVS. Employing a set of 330 soundings sampled
from the global ISCCP-C1 (3 hourly data) dataset
for July 1983, they report an rms error of 4.7 W
m~? between the parameterized model and the
detailed radiative transfer calculations for clear
skies.

A recent study (Stephens et al, 1994) using
simulations of clear sky longwave fluxes to space
and to the surface showed that the ratio of the
two fluxes is a simple function of column water
vapor. They employed the TOA ERBE broadband
fluxes and SSMI water vapor data to derive the
clear sky longwave radiative cooling rates in the
atmosphere. The rms difference between the para-
meterization-retrieved surface fluxes and the simu-
lated fluxes is about 6 W m~2. The present study
is similar in that we derive the surface flux from
TOA flux, column water vapor and surface tem-
perature. But the simulations use as input five
years (1985-89) of ship sondes from pole to pole
comprising more than 30000 soundings. Further,
the approach is more physically based and it
explicitly resolves the window (8—12 um). Why is
it so critical to resolve the window? It will be
shown later in the paper that it is essential to
derive the radiative cooling in the window to infer
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water vapor feedback in the tropics (30°S to
30° N). For example, roughly 80% of the net IR
cooling of the surface in the tropics occurs in the
window. Furthermore, it is demonstrated that the
window flux is critical for including the effects of
non-black emission by land surfaces.

This study uses the cloud and the earth’s radiant
energy systems (CERES) satellite radiation budget
instrument being developed for the NASA earth
observing system (EOS). A brief description of
CERES longwave measurements follows:

2.2. CERES longwave measurements

CERES employs a pair of broadband scanning
radiometers which represent an improved version
of the ERBE scanners. The radiometers have a
total band (shortwave + longwave spanning 0.2 to
200 pm), a shortwave (0.2 to 4 pm) and a longwave
window channel (8 to 12 um). The broadband (4
to 200 pm) longwave flux is obtained from a
combination of these channels. The spectral
response characteristic of the longwave window
channel is shown in Fig. 1.

Since the CERES instrument is not spaceborne
yet, we demonstrate our method through model
calculation of longwave fluxes (both broadband
and window) at the TOA and at the surface. These
calculations employ . soundings deployed from
ships. In an ideal situation, algorithms such as the
present ones should be developed solely from
observations of fluxes at TOA and at the surface.

80 o

P Transmission

40 | -

‘Wavelength (lm)

Fig. 1. Combined longwave filter transmission (average
of both front and rear filters) for the CERES window
channel (8-12 pm).
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Such collocated observations are not available.
The particular parameters used in our algorithm
may need revision as observations become
available.

2.3. Model simulation and data

The atmospheric greenhouse effect, G,, along
with other variables and parameters used in this
study are defined in Table 1. The greenhouse effect
and the downward flux density (G¥) at the surface
can be expressed by employing the integral form
of the solution to the equation of radiative transfer:

© o 4Bz’
Ga=J dvj A (Zi0p 2') d“,z)dz', (1)
0 Ztop Z

G:= J dv[Bv(Ztop)Av(Ztop’ 0)

[}

_ j 4,0, ) 3B dz/:l, )

o dz'

where v is the wavenumber incm™!, z is the
altitude, B,(z’) is the monochromatic Planck
blackbody function corresponding to the temper-
ature at level z/, A,(z, z’) is the monochromatic
atmospheric absorptance, which is simply (1 —
transmittance), between the levels specified in the
arguments and z,;, is the altitude at the top of
atmosphere. A, is the absorption by water vapor,
CO,, ozone, CH,, N,0, trace gases and aerosols
and it depends on the vertical distribution of
temperature and the radiatively active species in
the atmosphere. The transmittances have been
computed using the 20cm~™' LOWTRAN 7
(Kneizys et al., 1988) transmittance code, and for
the angular integration, we multiplied the absorber
path length by the diffussivity factor of 1.66.
However, the continuum model used in
LOWTRAN 7 has been updated including a
revised version (May 1994) of the Clough—
Kneizys-Davies (CKD) model (Clough et al,
1980). Revisions effected in both the self and
foreign continuum coefficients (Clough, 1995) to
the data of Burch in the 1300 cm ™! region have
been validated against HIS (High Resolution
Spectro-radiometer) spectra downlooking from
20 km and uplooking from the surface. Egs. (1)
and (2) are evaluated employing a quadrature
scheme and a high vertical resolution equivalent
to a vertical layer spacing ranging from a min-
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imum of 1mb to a maximum of 1/4km.
Agreement of the boundary fluxes using the
ICCRM (Intercomparison of Radiation Codes
in Climate Models) standard atmospheres

. (Ellingson, 1991) as input is within 2-3 W m ™2,

The input data used for this study consist of
the ship rawinsondes for the years 1985-89
obtained from the National Center for
Atmospheric Research (NCAR) data archive of
NMC (National Meteorological Center) upper air
data base. This time frame is chosen to coincide
with the earth radiation budget observations
(ERBE) for the same period. The locations of ship
data over the entire globe used in this study is
shown in Fig. 2. There is a fair distribution of data
points to exclude any sampling-related problems
in the analysis. The poor quality of humidity
values above about 5-6 km, reported from sound-
ings is well known (Elliot and Gaffen, 1991). An
error analysis, employing the standard deviation
of errors as reported by field tests of radiosonde
instruments (Inamdar and Ramanathan, 1994),
showed the error for the humidity mixing ratio to
be distributed between 6% near the surface to
nearly 13% at about 200 mb. Humidity data above
200 mb have not been used. To establish the
fidelity of sonde data, an independent validation
has been performed by employing the ERBE data.
We use the daily clear-sky ERBE OLR data for
1985 extracted from the hour-box record in the
same time window (within 24 hrs) and location as
the ship data. The agreement between ERBE and
model fluxes shown in a previous study (Inamdar
and Ramanathan, 1994) is within the uncertainty
limits of the ERBE instrument.

3. Parameterization

First the ship sondes were used as input in egs.
(1) and (2), to derive the TOA and surface long-
wave fluxes. We then fit the window and non-
window components of downward flux in terms
of the respective components of greenhouse effect
as:

g:win=a0ga,Mn+a1’ (3)
g:,nw= bOga,nw + bl P (4)

and next focus on seeking an optimum combina-
tion of parameters, P; (Table 2), which best fit the
deviations of the window and non-window fluxes
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Fig. 2. Ship data locations (1985-89) over the global oceans used in this study.

as predicted from (3) and (4) above from the
actual fluxes:

£ win — @08a,win =Co T/ & win Z Py, (5)

g:.nw‘boga,nwzdo +fo-;,nw Z diPia (6)

where the g;, b;, ¢; and d; terms are constants to
be determined through the regression analyses.
The various terms in egs. (3)—(6) are defined in
Table 1. The atmospheric variables, P;, have been
chosen after a careful investigation of the physics
of the problem and extensive sensitivity studies
(described briefly below) to identify the parameters
contributing most to the variability of the down-
ward flux.

The physics of radiative transfer in the window
and non-window spectral regions forms the basis
of our algorithm. Eqgs. (3) and (4) above are a
result of the close correlation between the atmo-
spheric greenhouse effect (G,) and the downward
emissions (Inamdar and Ramanathan, 1994) and
also the unique relationships of the window and

non-window components of G, with SST and
precipitable water (to be discussed below). Note
that a two-step procedure is followed (the pair of
egs. (3), (5) and (4), (6)) in predicting each com-
ponent of the downward flux. Although a single
step regression could have yielded a similar or
even better accuracy, this has been done to achieve
a better physical consistency in the relationship
between the TOA and surface fluxes.

We propose our standard model in terms of the
window and the non-window components of
&as ln(wtot),wtots ]n(Fot.win/F(-{vvin)’ Ts and T::x' All of
the radiative flux parameters have been nor-
malized with the surface blackbody emission to
eliminate the surface temperature-dependence.
Regression analysis of the radiative transfer-
simulated fluxes has been performed separately
for the tropics (30° S to 30° N) and extra tropics
(30° to poles) to accomodate the different physics
and thus achieve a better accuracy. Now, we will
explain the physical basis of the parameterization.

For the non-window region, the variables, P;,
are (Table2): g,nw,» In(wy,), T, and T,. As

Tellus 49B (1997), 2
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explained earlier, the dependence of g} on g, ..
follows from egs. (1) and (2). So, it is not surpris-
ing, the surface flux is influenced by near surface
parameters: T;, T, and w,,. Note in this context
that, the first 2 km contribute more than 70% to
Wioe. Thus, wy, is simply a surrogate for the
boundary layer water vapor. Furthermore, the
flux depends on In w,,, because the rotation and
vibration-rotation bands of water vapor are in the
logarthmic limit (Cess and Tiwari, 1972). The
choice of 950 mb level for the near-surface air
temperature is based on the optimum criteria from

SST =300.55 K

NON-WINDOW

1500 2000 2500 3000
WAVENUMBER (cm™")

Fig. 3. Spectral distribution of surface blackbody emis-
sion, atmospheric greenhouse effect and downward flux
at the surface highlighting the window spectral region
for a typical warm pool sounding.

Table 2. Parameterization equations for oceans
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statistical considerations. In the opaque non-
window spectral regions, the atmospheric absorp-
tion attains saturation close to the surface, and
hence it is the near-surface emissions that deter-
mine the down flux. In fact more than 95% of the
total downward flux originates in the first few
kilometers. This is well illustrated in Fig. 3 which
shows the relationships between the spectral distri-
butions of greenhouse effect, surface emissions and
the downward flux for a typical warm pool sound-
ing. The curve for the down flux is seen to be
almost inseparable from the surface blackbody
curve except in the window and its immediate
neighbourhood.

The variables, P;, for the window region are
(Table 2): 8a,win> Wiot> ln(F::,wm/F(‘)twm)’ T; and T:i'
The atmospheric absorption in the window, in
contrast to the non-window, does not attain sat-
uration and is dominated by the water vapor
continuum effect. Hence, it can be expressed as a
combination of a linear limit and a temperature-
dependence factor. Also, the window absorption
is highly sensitive to the vertical distribution of
moisture. The dynamic effects on water vapor and
the exponential scaling of the total precipitable
water with SST (Stephens, 1990) partly explain
the superimposition of the non-linear effect in the
window. The transmittance in the window being
very nearly exponential, the ratio of window com-
ponent of top-of-atmosphere to surface emissions
yields an approximate measure of the optical
depth.

Model

Equation

Comments

tropics (30°S to 30°N)
ocean

€ win=3.2504g, i + [0.1377Wyoq+ 3.46305I0(f 3 i /S ¢ win)
+0.13866(T;/300) + 1.12813(Ty50/300)]f & in — 0.24155
2% 1w =0.25878g, ... +[0.07363In(wy,,) — 1.09875(T;/300)

window
rms error 3.3 Wm ™2

non-window
rms error 1.7 Wm ™2

+ 1.442(Ty50/300)1f & o +0.45445

g: =g:,win +g:,nw

extra tropics (30° to Pole)
ocean

g: =g:,win +g:,nw

8 win=1.6525g, in+ [0.15385W¢o, +2.0074I0(f 5 i /f & win)
—0.29873(T;/300) +0.52062(Tys0/300)1f & im — 0.01875
g% aw=0.12284g, .. +[0.07748In(w,.,)
—1.52282(T;/300) + 1.81629(Ty50/300)1f & o +0.52066

total

rms error 4.4W m ™2
window

rms error 1.7 Wm 2

non-window
rms error 2.0 W m ™2

total

rms error 3.2 Wm ™2
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3.1. Parameterization for ocean surfaces

Table 2 and Figs. 4, 5 present a summary of the
recommended models applicable over the open
ocean. Inputs for the model are, in addition to the
CERES broadband and window channel informa-
tion, data on the surface and near surface (950
mb in this case) air temperature, and the total

WINDOW

T T
100!._ total sum of squares 2.0788
F Sum of squares due to regression 1.7752
[ Corr coeff .99898

gol. Std error(z rms) 3.282 (5.9%) (W/m,

80

G..(PRED)

40

20

20 40 60 80 100
G.uu(MODEL)

NON-—WINDOW

360 T T
| total sum of squares 0.58712

I Sum of squares due to regression 0.51189
340~ Corr coeff .99999
[ Std error(% rms) 1.847 (0.52 %) (W/mf)d

320

300

G...(PRED)

T T
o
|

280

260
L L . L . L

260 280 300 320 340 360
Gi(MODEL)

TOTAL

T

450 f
total sum of squares 12.039

[ Sum of squares due to regression 11.489
| Corr coeff .99994
400 ~Std error(% rms) 4.414 (1.17 %)

G.(PRED)

360~

300

c

) L L L

300 350 400 450
G.(MODEL)

Fig. 4. Comparison of clear-sky downward longwave
fluxes predicted from the parameterized model with
those from the detailed radiative transfer calculations
over the tropics (30° S to 30° N), for the (a) window, (b)
non-window and (c) total longwave spectrum. The total
number of data points used is n=5816.
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T T T T
total sum of squares 59.035

Sum of squares due to regression 57.007
Corr coeff 99993
Std error(% rms) 3.2 (1.14%) (W/m?)

400

350

:(PRED)

200 M 1 4
200 250 300 350 400
G.(MODEL)

Fig.5. Same as in Fig. 4c, but for the extra tropics (30°
to poles). n=23096.

column precipitable water vapor, w,, (gcm™2)
derived either through instruments such as the
special sensor microwave imager (SSMI) measure-
ments over the oceans, microwave sensors aboard
the defence meteorological space program
(DMSP) satellite or from detailed water vapor
profiles derived from the TOVS data products. It
is to be noted from Table 2 that the coefficients of
Za.win and the window flux ratio term dominate in
the tropics and explain the bulk of the variability.
The combination of residual parameters of water
vapor, temperature and window flux ratio
appearing in square parenthesis are multiplied by
the respective components of outgoing longwave
flux to explain the non-linear variability in g, at
higher temperatures.

The standard error between the radiative fluxes
derived from the full radiative transfer model (G¥
(model) in Fig. 4c) and that predicted by the
parameterization (G¥ (pred)), is about ~4.4W
m~2 for the tropics and 3.2 W m~? for the extra-
tropics (Fig. 5). The terms “total sum of squares”,
T[g*(model)—g*]%; “sum of squares due to
regression”, X[ g¥(pred)—g*]?, where g* is a mean
value of g* (model); and correlation coefficient
shown in Figs. 4, 5 represent statistical measures
of the goodness of fit. A comparison of the former
two terms reveals how closely the chosen para-
meters explain the total variance of the predicted
quantity. The correlation between the model and
predicted fluxes is very high (0.9998) and the
regression line is extremely close to the 45° line
indicating absence of any bias in the parameterized
flux estimates.
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3.2. Parameterization for land surfaces

The same technique described in the previous
sub-section can be applied for non-black surfaces.
The formulation for the upwelling flux at any level
z with a non-black emitting underlying surface
with emissivity ¢ can be expressed as:

4 dB r
F}(J)=B,@z)— j Tr,(z, z/)—’fz—) dz’
o dz

—(1—¢,)B;(0)Tr,(0, 2)
+(1—&,)Try(0, 2)GI(J),

where for the sake of simplicity, the summation
over wavenumber v has not been shown. J is the
band with: J=1 for the non-window region and
J =2 for the window region. The term Tr denotes
the atmospheric transmittance between the alti-
tude levels specified in the arguments. The first
three terms on the right-hand side represent the
regular two-stream solution with modification for
a non-black emitting underlying surface, while the
last term denotes enhancement due to reflection
of the atmospheric emission to the ground.

As shown in Fig. 3, G¥(J)~ B,(0) for the non-
window region. As a result, the last two terms on
the right nearly cancel each other and the non-
black emission has a negligible effect on FJ}.
However, for the window region, particularly in
the extra-tropics, G¥(J)«B;(0), and non-black
emissions become important.

A detailed spectral data for the surface emissiv-
ity as a function of various land surface types is
unavailable. However, a global emissivity map for
the 8 to 10 um region has been obtained by
Prabhakara and Dalu (1976). The source of emis-
sivity data is the infrared spectral measurements
made by the Nimbus 4 infrared interferometer
spectrometer (IRIS). The sandy desert regions
have been found to be characterized by low emis-
sivities (~0.7), essentially resembling the emissiv-
ity due to quartz and the emissivity approaches
unity for moist and vegetative surfaces.
Furthermore, it is suggested that the window
emissivity is substantially non-black, while the
non-window regions may be closer to being black.
Here we consider 2 cases.

(1) The Prabhakara and Dalu’s emissivity data
in the 8-10 pm region is applicable in the
entire longwave spectrum, ie., &(nw)=
e(window)=¢(8—-10 um).
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(2) The non-window region is black, ie., e(nw) =
1.0 and g(window)=¢ (8 to 10 pm).

NMC upper air data for 1985 Jan and July are
used as model input for the atmosphere.

Application of the parameterization approach
outlined earlier is shown in Fig. 6 for case 1 above,
where the rms error in the predicted fluxes is
6 W m™2. Table 3 shows the coefficients for both
cases. An interesting aspect of the present para-
meterization is the critical importance of the
window channel measurement. For example, with-
out the window channel radiance, the error for
case 1 doubles to 12 W m~2 (Fig. 7).

4. Validation

The data sources used in the validation exercise
come from the central equatorial pacific experi-
ment (CEPEX) conducted in March/April 1993
which was a multi-platform endeavour.

The research vessel Vickers, with a cruise track
along the equator starting from Honiara (160° E,
10° S) to Christmas islands (160° W, 5° N), made
state-of-the-art measurements of temperature,
humidity and ozone mixing ratios between 8 and
21 March, 1993. The ship also had aboard a
Fourier Transform Infrared Spectroradiometer
(FTIR) measuring the narrow field of view (Lubin,
1994) incoming longwave radiance in the 5-20 um
region, and in addition an Eppley pyrgeometer to
measure the broadband longwave fluxes. The

T T T
 total sum of squares 4.27186

450~ Sum of squares due to regression 4.1582
- Corr coeff 99885

[ Std error(% rms) 605 (1.77%) (W/m")

400

L ! L I L
250 300 350 400 450
G,(MODEL)

Fig. 6. Comparison of the fluxes predicted by the para-
meterization (Table 3) with the model for land surfaces
including the effect of surface emissivity for case 1 (ie.,
a non-black surface in both the window and non-
window).
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Table 3. Parametererization equations for land for the tropics only (30° S to 30° N). Parameterization
was not attempted for the extra-tropics due to lack of emissivity data

Model Equation Comments
*Case 1: ¥ vin=2.6054g, i +[0.1372w,0,+2.1209 In[ £ £ in/(ef di)] ~ Window
—_— in)— -2
&(nw) = &(win) = +0.04031(T./300)+0.11253(Tyso/300)]f 2 win—0.0081  TMSETrOr45Wm
€(8-12 pm) ’
& e =0.2541g, 1, + [0.05878 In(wyo,) — 2.0534(T,/300) non-window
-2
+2.46958(Tyso/300)1 2 o+ 0.45018 rms error 2.7 W m
8% =8 wint+ 8hnw total
rms error 6 W m ™2
tCase 2: gX aw=0.199g, 1, +[0.09949 In(w,,,)— 1.26611(7;/300) non-window
enw)=1; rms error 3.3 Wm™?2

g(win)=g(8-12 pm)

g: =g:,win +g:,nw

+1.7713(T350/300)1f 5 vy +0.40193

total

rms error 6.2 Wm™2

* Please note that the surface emission-related terms g, ., and g, .., are corrected for surface emissivity. That is,

ot + Rt +
ga,win—zFO,win—Foo,win and ga,nw_EFO.nw_Feo.nW'

T Equation for the window component is identical to case 1.

T T T T
[ total sum of squares 1.062 i
450 — R +,4

} Sum of squares due to regression 0.41811
£ Corr coeff .9994

[ Std error(% rms) 12.172 (3.96%) (W/m") +
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Fig.7. Same as Fig. 6, but using only the broadband
components of flux (simulated from the theoretical
model). Comparison with Fig. 6 suggests the effect-
iveness of window channel in capturing the variability
due to a non-black surface.

FTIR radiances are converted to broadband fluxes
using the following procedure: Vickers soundings
are used as input and eq. (2) is used to simulate
both the broadband longwave fluxes and the 5 to
20 pm radiances under clear skies. A plot of these
(Fig. 8) indicated an excellent quadratic fit with a
correlation coefficient of 0.999. The broad band
fluxes derived from this relation are referred to as
“FTIR fluxes” and form the basis of our compar-
ison. The comparison is restricted to the days

440 L Il 1 P 1
G: =-0.031596(7;)" +8.41238(f;)
420 - :
~70.0221,  R=09975
400 L
€
B 330 -
=
360 L
30 L
320 ‘ . et
60 65 70 75 80 85 %

RADIANCE (I;') (500 - 2000 cm™)

Fig. 8. Radiative transfer model-simulated broadband
fluxes and radiances for the FTIR spectral range of 5 to
20 pm for the Vickers sondes. The equation inset in the
figure shows the quadratic fit employed to derive the
FTIR fluxes.

identified as “clear skies” made by visual observa-
tions of overhead sky conditions aboard the ship.

Temperature and total precipitable water
obtained from the Vickers sondes, and TOA fluxes
simulated from the radiative transfer model have
been input into egs. (3)—(6). Fluxes thus estimated
from the parameterization are shown in Fig. 9a.
Fig.9b shows the FTIR-measured radiances
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Fig. 9. (a) Comparison of longwave fluxes predicted by
the parameterization (marked ALG on the Figure) with
FTIR and Eppley Pyrgeometer (marked as PYRG)
measurements aboard the R/V Vickers between Mar 11
and Mar 22, 1993. (b) The FTIR-measured radiances
integrated between 5 and 20 pm, compared with those
computed by the radiative transfer model for the same
spectral range.

against the detailed radiative transfer model
derived radiances integrated between the FTIR
spectral range of 5 to 20 pm. It must be borne in
mind that the observed sky conditions referred to
the FTIR instrument field-of-view only. The pres-
ence of clouds is apparent, as indicated by sharply
higher values measured by the Eppley pyrgeo-
meter (especially on day 77). A few of the FTIR
observations also between day 72 and day 76 are
significantly higher, and are apparently cloud-
contaminated. This could be due to the presence
of thin cirrus, which is difficult to detect or invisible
trade cumulus overhead. Despite these shortcom-
ings, the agreement of the parameterization estim-
ates of fluxes is good with those of the FTIR and
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Pyrgeometer measurements (Fig. 9a). The model
radiances (Fig. 9b) seem to be systematically lower
than the FTIR. Further the FTIR fluxes are even
higher than the Pyrgeometer for days 70-74
(Fig. 9a) is surprising, suggesting a calibration-
related uncertainty in either or both instruments
of nearly 5-8 W m~2 and possible errors in the
method used to convert the FTIR radiances to
fluxes (Fig. 8).

One must be careful in attempting to evaluate
and judge the rms accuracy of the parameteriz-
ation with respect to measurements based on the
comparisons shown in Fig. 9. First we do not have
a statistically large number of samples. Secondly,
one must also bear in mind the contamination of
at least some of the samples with cloud as apparent
from Fig. 9. And thirdly, the calibration uncertain-
ties of the instruments demonstrated above mask
the real accuracy.

5. On inferring water vapor — radiative
interactions

Lastly, we illustrate how the technique
developed here can be used to understand the link
between water vapor variations and the atmo-
spheric greenhouse effect. We consider seasonal,
latitudinal and inter-annual variations. All of these
examples illustrate the fundamental importance of
estimating G, and G} for the window region.

5.1. Seasonal variations in G,, G} and radiative
cooling

We use ERBE data for the period 1985-89.
However, since the ERBE scanner does not have
a window channel, we employ a simplified form
of the parameterization, referred to as the “ERBE-
like” fit hereafter, which has been developed fol-
lowing the same approach as outlined in Section 3,
egs. (3)-(6), but using only the broadband com-
ponent of flux. Analogous to egs. (3)—(6), we can
write,

g: =ap8, +ay, (7)
and express
g:—aoga=b0+fa+o ZbiPi (8)

where the a; and b, terms are constants as before,
and the parameters P;, here comprise only the
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total column water vapor (in the form of linear
and logarthmic terms in eq. (8)) and the surface
temperature. The former is obtained from the
SSMI measurements and interpolated to the same
grid size (2.5x2.5°) as ERBE, while the surface
temperatures are taken from the NMC-blended
analysis of Reynold’s (1988). Fig. 10 shows sea-
sonal variation of G, and down flux from both
ERBE and model calculations for all the oceans
(0-25° N). We chose only the northern hemi-
sphere, because of the reduced number of ship
samples south of the equator. Comparison of
fluxes derived from the detailed radiative transfer
model with ERBE measurements will pose a
difficulty because of the sampling of the ship data
locations. To overcome this problem, model results
are first binned in intervals of 0.25 K SST and
0.2 g cm™2 precipitable water in the form of a
look-up table. Numbers picked from this table
corresponding to the NMC-blended SST and

ALL OCEANS (0 - 25° N)
) T | 1 1 1
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Fig. 10. Seasonal variability of atmospheric greenhouse
effect (top) and surface flux (bottom) derived from ERBE
and the ERBE-like algorithm. The model results and
corresponding window components are also shown. The
ERBE-like fluxes shown in the bottom panel have been
derived by using the NMC SST, SSM/I H20 and the
ERBE broadband flux in eqgs. (7)—(8).
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SSM/I water vapor form the curve labelled as
“model” in Fig. 10.

There is a consistent, but very small bias of less
than about 5 W m™2 (Fig. 10) in the ERBE (Kiehl
and Briegleb, 1991; Collins and Inamdar, 1995),
which is well within the ERBE instrument uncer-
tainties. Interestingly, this bias almost disappears
for the surface longwave flux (see bottom panel of
Fig. 10), demonstrating the advantage of the pre-
sent two-step approach to the parameterization.
This has an important benefit in dealing with the
scene id problems whereby errors in the TOA
satellite-measured fluxes do not propagate to the
surface.

Fig. 10 illustrates several important features.(1)
There is a large seasonal variation (about
16 W m ™2 peak to peak) in the atmospheric green-
house effect, due to a correspondingly large sea-
sonal variation in the surface temperature and
column water vapor (Fig. 11); The increase in
water vapor from winter to summer is in part due
to the northward migration of the ITCZ and
partly due to the increase in frequency of deep
convection with SST. (ii) The increase in G¥ (see
bottom panel) is even larger (=25 W m~2 peak
to peak) such that the atmospheric cooling
(Fig. 12) increases with water vapor and surface
temperature; (iii) The increase in surface-
atmosphere column greenhouse forcing (G,) and
the surface greenhouse forcing (G¥) are comparable
to about a third of the increase in the seasonal
solar radiative heating. The fundamental infer-
ences from Figs. 10 to 12 are two-fold: First,
seasonal variation in the water vapor greenhouse
forcing is an important component of the radiat-

3015 1 ! 1 1 1 1 1 1 R 415

] ——SST (NMC BLENDED)
W, (SSMI)

45

300.5

SST (K)

300

Wy (kE

- 375

2% LA LA S B B RS R B e

JAN MAR MAY JuL SEP Nov

Fig. 11. Variability of SST and total precipitable water
that were used to obtain results depicted in Fig. 10.
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Fig. 12. Seasonal variabilty of atmospheric column long-
wave radiative cooling for all the oceans between 0 and
25°N, derived from both the model and ship sondes
(solid line) and collocated ERBE data in conjunction
with the ERBE-like parameterization (dashed line).

ive-dynamical feedbacks that govern the tropical
seasonal climate. And secondly, the variations are
so large that they constitute a critical test for
model simulations of the water vapor-radiative
interactions in the tropics.

Water vapor continuum plays an important
role, not only in the seasonal variation, but also
in the latitudinal gradient (Fig. 13). It is just as
important as the non-window region in determin-
ing the latitudinal gradient in the atmospheric LW
radiative heating (top panel of Fig. 13) and is the
dominant source of the net surface LW radiative
cooling in the tropics (bottom panel of Fig. 13).
For example, at the equator, the window cooling
at the surface is about 40 W m ™2, while the non-
window cooling is only 10 W m ™2,

5.2. Interannual Variations

Estimates of the interannual variations are not
only relevant for understanding the processes gov-
erning natural variability but are also very critical
for validating the coupled ocean-atmosphere
models. In Fig. 14, we present the time series of
changes in surface emission (AF™), atmospheric
greenhouse effect (AG,) and downward surface
flux (AG?) for the period July 87 to December §9
for the entire tropical pacific (30° N to 30° S). The
changes refer to the month of Febuary 89 when
the lowest average SST was recorded. The data
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Fig. 13. Latitudinal distribution of atmospheric column
longwave radiative heating (top panel) and net surface
longwave radiative cooling (bottom panel) resolved into
the window and non-window components.

set was produced by applying the ERBE-like fit
(eqs. (7) and (8)) to ERBE and SSMI water vapor
data as described above, and then averaged
between 30°N and 30°S with latitudinal
weighting.

There are several similarities between the green-
house forcing changes found for the case of the
seasonal variations in the northern tropical oceans
(Fig. 10) and inter-annual variations for the entire
tropics (Fig. 14). First, there is a strong positive
correlation between surface temperature, water
vapor amount, G, and G*. Secondly, the variations
in G¥ far exceed those in the black body surface
emission. Thus in the warmer-humid atmosphere,
the column greenhouse effect is larger; the surface
radiative heating is even larger such that the
atmospheric LW radiative cooling increases in the
warmer atmosphere.

The role of continuum absorption by water
vapor in the atmospheric window ( 8-12 um) is
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Fig. 14. Time series of changes in F*, G, and G* for the
Pacific ocean (top) between 87 July and 89 Dec. The
change refers to the month of Feb 89 which corresponds
to the lowest SST. The corresponding changes in SST
and total water vapor are shown at the bottom.

investigated by examining the changes in G,, G*
and radiative cooling between the JJA (June-
July-August) and DIJF (December—January—
February) seasons for the northern hemisphere
oceans (Fig.15). It is evident that window
accounts for a major fraction of the change in the
surface flux. Interestingly, the atmospheric LW
radiative cooling (represented in Fig. 15 by the
AR terms) in the window exceeds the total, while
there is a slight heating of the tropospheric column
in the non-window spectral regions.

6. Summary and discussion

The present work represents an extension of the
principles outlined in our earlier paper (Inamdar
and Ramanathan, 1994) and demonstrates how to
exploit the potential of TOA measurements in
the window (8-12 um) and broadband flux from
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the next generation of satellite instruments
(CERES) for gaining new insights into the physics
of greenhouse effect and water vapor radiative
interactions.

The physically-based formulation illustrates
how to utilize the TOA window and non-window
spectral fluxes to obtain the surface fluxes. The
algorithm employs the CERES broadband and
window TOA flux measurements, the surface tem-
perature, the near-surface atmospheric temper-
ature and the total column water vapor content
of the atmosphere.

Owing to the close affinity of the downward
flux with the column greenhouse effect, the down-
ward emissions in the window and non-window
are first constrained in terms of their respective
components of greenhouse effect, and in the second
step the deviation of the predicted flux is explained
in terms of the other residual variables. This
approach handles errors in scene identification
and in the TOA fluxes very well. The tropical
(30° S to 30° N) and extra tropical (30° to poles)
oceans and land surfaces have been treated separ-
ately owing to the differences in the physics and
to achieve the best accuracy. The rms accuracies
obtained range between 3-6 W m™~2 and the cor-
relation coefficient between the model-simulated
fluxes and that predicted by the parameterization
has been found to be extremely good (0.999). The
critical importance of the window channel for
non-black surfaces has been demonstrated.

Validation studies employing data from the
CEPEX indicate a reasonable agreement between
the measurements and the parameterized flux
estimates. The agreement is within the limits of
uncertainties posed by the errors in scene identi-
fication, instrument calibration and/or aerosol
emissions in the lower atmosphere. Our scheme
does not allow for the aerosol effects. Sensitivity
studies (not reported here) have revealed that thick
haze in the atmospheric boundary layer (hori-
zontal visibilities <15km) could enhance the
downward emissions by about ~3-5Wm™2
Measurements at the ARM sites at Oklahoma
and Kavieng also support this fact. While there
have been few, if any, simultaneous measurements
of aerosols and longwave fluxes in the atmosphere
to validate, a proposal to add an additional para-
meter in the form of aerosol visible optical depth
in future is under consideration.
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Fig. 15. Changes in the atmospheric greenhouse effect (AG,), surface flux (AG¥) and atmospheric column radiative
cooling (AR) between the JJA and DJF seasons for all oceans (0-25° N). The respective window and non-window

components of the changes are shown in the center and right panels.

Finally, application of the techniques has been
illustrated by employing the ERBE data in con-
junction with the SSMI-derived total precipitable
water in assessing the water vapor radiative inter-
actions. The time series of changes in the surface
emission, atmospheric greenhouse forcing and the
downward flux follow a seasonal pattern indicat-
ing increased radiative cooling of the atmosphere
at higher SSTs and higher water vapor content.
The effect of these changes on the globally-
averaged OLR and in particular the relative roles
of different parts of the troposphere on the OLR
have an important bearing on the global-scale
water vapor feedback. This is where the CERES
instrument with its window channel will be able
to resolve such changes due to temperature and
water vapor.

Consider for example the fundamental deduc-
tion from Figs. 14, 15. The surface-atmosphere
column greenhouse forcing for the warmer-humid
tropical atmosphere is larger (AG,>0). But, the
increase in surface forcing is even larger and
exceeds the increase dictated by the black body
emission, i.e., AG¥ > AG,. As a result, tropospheric
radiative cooling increases significantly with a

warming. How would the system equilibrate? The
system considered in Fig. 15 is an open system for
which dynamical heat fluxes in the atmosphere
and the ocean can easily restore the balance. But,
if the global averaged G, and G} exhibit the same
behaviour shown in Figs. 14 and 15, the increase
in the radiative cooling of the troposphere must
be balanced by an increase in the latent heating
or an increase in the atmospheric solar heating
(due to an increase in cloudiness). Simultaneous
global observations of cloud radiative forcing at
the TOA (CERES will provide this) and at the
surface (CERES hopes to provide this through
indirect techniques such as those presented here)
in conjunction with evaporation data will close
this fundamental gap in our knowledge of the
climate system.
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