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ABSTRACT

The physical processes associated with the clear-sky greenhouse effect in the presence of water vapor
are examined by including surface emissivity in the greenhouse effect formulation, and by introducing a
new way to partition physical processes of the greenhouse effect. In this new framework, it is found that
the clear-sky greenhouse effect is governed by three physical processes associated with (1) the temperature
contrast between the surface and the atmosphere, (2) the interaction between the surface emissivity and
the temperature contrast, and (3) the surface emissivity. The importance of the three physical processes is
assessed by computing their vertical and spectral variations for the subarctic winter and summer standard
atmosphere using the radiation model MODTRAN3 (Moderate Resolution Transmittance code Version
3). The results show that the process associated with the temperature contrast between the surface and
the atmosphere dominates over the other two processes in magnitude. The magnitude of this process has
substantial variations in the spectral region of 1250 to 1880 cm ™! and in the far infrared region. Due to
the low-level temperature inversion over the subarctic winter, there exists a negative contribution to the
greenhouse trapping. The seasonal variations are, however, dominated by the processes associated with the
interaction between the surface emissivity and the temperature contrast as well as the surface emissivity
itself. The magnitudes of these two physical processes contributing to the greenhouse trapping over the
subarctic winter are about 7 to 10 times of those over the subarctic summer, whereas the magnitude of
the processes associated with the temperature contrast in the subarctic summer is only about 2 times of
that in the subarctic winter.
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1. Introduction

The greenhouse effect is defined as the difference in
upwelling longwave radiation between the surface and
the top of the atmosphere (TOA). If E represents the
longwave emission from the surface, and F' represents
the emission from TOA, then the absolute forcing of
the climate system due to greenhouse effect, G, is given
by G=FE — F. Based on Hallberg and Inamdar (1993),
the greenhouse effect can be derived from the radiative
transfer equations which apply to blackbody longwave
emission

G—27r/000/01/0T;[B,\(TS)BA(T)]e_ldeudA, (1)

where B)(Ts) and By(T') are the Planck functions at
surface temperature Ty and atmospheric temperature
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T, 1u(= cos @) is the cosine of the angle from the ver-
tical, and 75 is the total optical depth of the atmo-
sphere at wavelength A\. Note that TOA (Hallberg
and Inamdar, 1993; Raval and Ramanathan, 1989; and
many others) instead of the tropopause (IPCC, 1990)
is used in Eq. (1) so that it can include the effects of
other important upper-level greenhouse gases such as
ozone. The magnitude of the greenhouse effect may
be estimated by taking the difference between E and
F. The global/annual average values of E and F are,
respectively, 300 W m~2 (Stephens and Tsay, 1990)
and 235 W m~2 (Harrison et al., 1990), giving a G
value about 155 W m~2. The clear-sky value of F in
the global/annual average is 265 W m~2 (Harrison et
al., 1990). Thus, the clear-sky greenhouse effect is 125
W m~2. The contribution of clouds to the greenhouse
effect is about 30 W m~2 (Harrison et al., 1990). This
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indicates that the magnitude of the longwave trap-
ping is largely controlled by the gaseous constituents
of the atmosphere, in particular water vapor, under
a clear-sky condition. It is clear from Eq. (1) that
the clear-sky greenhouse effect is sensitive to changes
in surface temperature, atmospheric temperature, and
greenhouse gases.

The transmittance (e~ # ), associated with the inte-
grated concentration of greenhouse gases such as water
vapor, is usually targeted by scientists for examining
greenhouse warming. Although water vapor in the at-
mosphere is a very small fraction of the total air mass,
it plays very important roles in midlatitude precipitat-
ing systems (e.g., Cao and Cho, 1995), and it acts as a
powerful greenhouse gas (e.g., Harries, 1997; Chahine,
1992) and nearly doubles the effects of greenhouse
warming caused by carbon dioxide, methane, and all
similar gases (Manabe and Wetherald, 1967; Raval
and Ramanathan, 1989). The effect of water-vapor-
feedback on greenhouse warming is, however, still un-
der debate (Raval and Ramanathan, 1989; Stephens,
1990; Lindzen, 1990; Rind et al., 1991; Stephens and
Greenwald, 1991; Hallberg and Inamdar, 1993; Inam-
dar and Ramanathan, 1994; Stephens et al., 1993;
Mitchell et al., 1995; Slingo and Webb, 1997). One
particular focus of the debate is on whether over trop-
ical oceans moisture evaporated from the warm sea
surface can be transported into the free atmosphere
by convection, and whether downdraughts associated
with the convection dry the upper troposphere.

The geographical distribution of the greenhouse ef-
fect is governed by the concentration of water vapor
and its distribution in association with dynamics; it is
also governed by the thermodynamics associated with
longwave radiation at the surface as well as in the at-
mosphere (By(Ts)—Bx(T)). To reduce the complexity
in dealing with the surface and the atmosphere long-
wave radiation, most researchers (e.g., Hallberg and
Inamdar, 1993, and many others) have treated them as
blackbody emission as a first approximation although
the clear-sky emissivity can be expressed as a com-
plicated function of water vapor pressure, dew point
temperature, and so on (Berger et al., 1984; Martin
and Berdahl, 1984). This treatment is reflected in the
definition of the greenhouse effect in Eq. (1).

Although the blackbody approximation captures
most features of the land surface’s longwave radia-
tion, some critical characteristics are still missing. As
an important input of longwave radiation into the at-
mosphere, longwave emission from the land surface is
critically dependent on the surface emissivity and its
variations with season. Especially over high latitudes
where substantial seasonal cycles occur in the alter-
ation of vegetation and snow cover, the atmospheric
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longwave trapping will have corresponding seasonal
variations. Furthermore, vegetation and snow signifi-
cantly influence the changes of atmospheric moisture
contents, respectively, through evaporation during the
growing season, sublimation in the winter, and alloca-
tions to other hydrological components (e.g., Cao et
al., 2002).

Since the land surface is a greybody, it is able to
reflect the downward atmospheric radiation with a re-
flection ratio of 1 —¢e, (&5 is the surface emissivity). To
be consistent with the greybody emission, this effect
should be considered as a process contributing to the
greenhouse effect although the reflection of the down-
ward atmospheric radiation is quite often omitted in
the infrared region (Fouquart and Vesperini, 1996) be-
cause the surface reflection is often very small in the
infrared region and the downward atmospheric radia-
tion is much smaller than the surface emission itself in
a clear-sky condition (Fouquart and Vesperini, 1996).

After considering the above surface forcing, the def-
inition of the greenhouse effect in Eq. (1) should be
modified to become

G:27r/ooo /01 /OT;{[esB,\(TS)—B,\(T)]e‘l

(-7
+(1—e)Ba(T)e™ " }drdudA (2)

It is clear that the greenhouse effect is also sensitive to
surface emissivity. The focus of this paper is to con-
sider a more realistic surface radiative forcing in the
framework of Eq. (2), and to ask the question of what
is new compared with the traditional definition of Eq.
(1).

In this new configuration where the greenhouse ef-
fect is defined as Eq. (2), our objectives are to examine
the physical processes associated with the greenhouse
effect over high latitudes. These include land surface
processes through non-blackbody emissivity, the tem-
perature contrast between the surface and the atmo-
sphere, and possible interactions between them. Al-
though the surface emissivity plays an important role
in contributing to the greenhouse effect, the influence
is still poorly understood, particularly over high lat-
itudes where the surface coverage has significant sea-
sonal variations. In this study, the effect of the surface
emissivity on the greenhouse effect will be examined.

Since the greenhouse effect is dependent on the dif-
ference of longwave radiation at the surface and in
the atmosphere, the temperature contrast between the
surface and the atmosphere is an important measure
of the strength and the seasonal variation of the green-
house effect. Particularly over the high latitudes dur-
ing the winter periods, the effect of water vapor on the
net flux of radiation is complicated by the presence of
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a temperature inversion (Curry et al., 1995). It was
qualitatively pointed out by Curry et al. (1995) that
the greenhouse effect will be smaller for a stronger in-
version due to the cold surface temperature relative
to the atmospheric temperature. However, little work
has been done on the explicit formulation of the effect
of this temperature contrast on the greenhouse effect
and corresponding computations using radiative trans-
fer models. In this study, we will shed further light on
this issue. Particularly in the presence of vegetation
and snow over a seasonal cycle, the effect of this tem-
perature contrast may be enhanced or reduced.

As pointed out by Shindell et al. (1998), increasing
greenhouse gases in the troposphere may lead to severe
ozone depletion over both poles due to greenhouse-
gas-induced lower-stratospheric cooling. This suggests
that the position and strength of the greenhouse gas
warming and its temporal variation over high latitudes
may be somewhat related to ozone holes. Hence, it is
important to understand the physical processes con-
trolling the greenhouse effect over high latitudes.

Our approach is to derive a new formulation for the
greenhouse effect to better understand the underly-
ing physical processes and possible interactions among
them. Computational examples are shown by employ-
ing a radiation model (MODTRAN) with the input
data from a model atmosphere.

2. Physical processes of the greenhouse effect

We derive a new expression for the greenhouse ef-

fect by substituting the Planck function
_G 1
» ext — 1

BA(T)

where

Cy = 2hC*(=1.191 x 108 Wm 2 sr~! pym?) |

hC
Cy = 7(: 1.439 x 10 K pm) ,

and C,h, and k are, respectively, the speed of light,
and the Planck and Boltzmann constants into Eq. (2),
and rearranging the resulting equation and making use
of mathematical identities; we yield

e 1 Ty
G = / / / * Gdrdud) | (3)
0 0 0

where
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\° R ()
Gp:27r{BA(T)[1+C—13A(TS)](e -
term 1
T.—-T
A° R ()
—BA(T)[HaBA(Ts)](l—Es)(e s —1)
term 2
— BA(T)(1—&s)(1—e" 7 )}e i (4)
term 3

The terms in Eq. (2) are now formulated in three terms
in Eq. (4), which allows us to partition the physi-
cal processes associated with the greenhouse effect.
These three processes are, respectively, governed by:
(1) the temperature contrast, between the surface and
the atmosphere, (2) the interaction between the sur-
face emissivity and the temperature contrast, and (3)
the surface emissivity.

2.1 The temperature contrast

Under the assumptions that the surface and the at-
mospheric longwave radiation can be treated as black-
body emission, the first term in Eq. (4) is an exact
formulation of the greenhouse effect defined by Eq.
(1). When the surface temperature is greater than the
atmospheric temperature, there is a positive contribu-
tion to the greenhouse effect. Otherwise, a negative
contribution results.

It is important to keep all the important physical
processes to avoid the problems of making unrealis-
tic assumptions in the study of the greenhouse effect.
For example, under the assumption of constant atmo-
spheric temperature T for the entire atmosphere (e.g.,
Webb et al., 1993), there will be no vertical variation
of atmospheric temperature. The longwave trapping is
therefore always positive under this assumption since
the average atmospheric temperature T over a deep
column is always less than the surface temperature.
However, during the winter over high latitudes, the
common occurrence of a strong low-level temperature
inversion can change the sign as well as the magni-
tude of the longwave trapping. An atmosphere with
a constant temperature cannot be used to model such
behavior.

Note that in the first term of Eq. (4), the sole fac-
tor which determines the sign of the greenhouse trap-
ping is the temperature difference between the surface
and the atmosphere, and not the lapse rate as stated
in Raval and Ramanathan (1989). In deriving their
Eq. (1), they assumed that the surface temperature
is identical to the air temperature at the surface (see
Rodgers, 1967). This assumption leads to the finding
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that the lapse rate is the sole factor determining the
sign of the greenhouse effect.

2.2 The surface emissivity

The second and the third terms in Eq. (4) usually
make a negative contribution to the greenhouse effect
because 1 — & is mainly positive.

The net effect of the surface emissivity on the
greenhouse effect can be obtained by combining the
three terms in Eq (4). By doing this, we yield

—27r/ // {eaBA(T 1+ABA<T>]< S

CBAMT)(1—e)(1—e~ 27 )}e Fdrdudh .

()
When blackbody emission (¢,=1) is assumed, however,
the first term in the above equation only describes the
effect of the temperature contrast on the greenhouse
trapping. It can be shown that Eq. (5) is identical to
Eq. (1) when & is equal to 1. In other words, the def-
inition of the greenhouse effect using Eq. (1) cannot
capture the interaction between the surface emissivity
and the temperature contrast.

3. The radiation model, input data, and numer-
ical experiments

The MODTRANS radiative transfer model (An-
derson et al., 1994) was used to calculate atmospheric
transmittance and longwave radiation. The accu-
racy of the MODTRAN model was tested by metic-
ulously comparing its results with FASCODE (Fast
Atmospheric Signature Code) (a line-by-line radia-
tion model) calculations (Kneizys et al., 1996). For
most observational conditions and spectral domains,
the accuracy of the MODTRAN transmittance calcu-
lations falls within a few percent of the predictions
by FASCODE, in both statistical and spectral details
(Kneizys et al., 1996). The MODTRAN calculations
were also compared with actual measurements. The
agreement, except for the 10-pym ozone band, is within
a few percent in the root-mean-square sense (Kneizys
et al., 1996).

The dataset used in this study for the radiative
transfer computations was obtained from the model
atmosphere data used for the intercomparison of radi-
ation codes in climate models (Ellingson et al., 1991).
This dataset provides temperature and moisture in-
formation up to a height of 103 km. As shown in Fig.
la, during the winter the temperature over the subarc-
tic generally decreases with height in the troposphere
except at the lower levels where the temperature inver-
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sion occurs. It has been documented that the temper-
ature inversion over high latitudes during the winter
can be extended up to about the 700-hPa pressure sur-
face (Cao et al., 2001). Over the summer, however, the
temperature inversion does not appear at the low lev-
els of the subarctic atmosphere (Fig. 1c). As expected,
there is a strong seasonal variation of moisture content
over the subarctic atmosphere. Comparisons between
Fig. 1b and Fig. 1d indicate that the moisture content
in the summer is almost 10 times larger than that in
the winter.

Simulations have been performed over the range
from wavenumber 0 to 2500 cm~! at a resolution of
10 cm~!. Recently, it has been found that the far in-
frared component (defined as wavelengths greater than
about 20 um) of the water vapor spectrum may have a
significant influence on the water vapor greenhouse ef-
fect (Clough et al., 1992; Sinha and Allen, 1994), par-
ticularly for the subarctic winter (SAW) atmosphere
(Sinha and Harries, 1995). Maximum water vapor
greenhouse trapping arises in the far infrared over the
middle/upper troposphere (Sinha and Harries, 1995).

The magnitude of the surface emissivity is highly
dependent on seasonal variations in surface coverage.
However, observations of surface emissivity with vari-
ous surface coverages over all wavelengths are not fully
available, in particular there is a lack of observations
over the far infrared regions. Since the focus of this
study is not on the emissivity itself, the values of the
surface emissivity are directly obtained from the avail-
able publications. In this paper, we only take into
account the currently available observations of sur-
face emissivity data, not model outputs. For exam-
ple, green vegetation has a high emissivity value and
a low spectral variability (Rubio et al., 1997). The av-
erage value of the vegetation emissivity of 0.985 over
the region of 3 to 13 pum (Caselles et al., 1997) was
used in this study. However, snow emissivity varied
considerably during the winter (Rees, 1993). Rees
(1993) observed the winter snow emissivity being 0.70
whereas Kondo and Yamazawa (1986) measured the
winter snow emissivity as 0.98. In this study, an av-
erage value (0.84) of Rees (1993) and Kondo and Ya-
mazawa (1986) was used for the winter snow emissivity
since it may represent a mean status of the winter snow
emissivity. Because our focuses in this study are on the
greenhouse effect and its associated physical processes
under mean atmospheric and surface conditions, the
average atmospheric temperature and moisture pro-
files and the average surface emissivity are used. The
sensitivity of the greenhouse effect to the surface emis-
sivity is further examined in section 4.
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Fig. 1. Vertical profiles for the subarctic winter of (a) temperature (K) and (b) moisture (g cm™*)
and vertical profiles for the subarctic summer of (c) temperature (K) and (d) moisture (g cm™%).

4. Results

In section 4.1, the spectral, vertical, and seasonal
variations of the three terms in Eq. (4) are presented,
and in section 4.2, the spectral and vertical integra-
tions of these three terms are performed to understand
their contributions to the greenhouse effect. In both
sections, computations are carried out over the whole
model atmosphere column, although features in Figs.
2 and 3 are shown up to 24 km due to little change
above this height.

4.1 Spectral, vertical, and seasonal variations

All the individual terms in Eq. (4) are computed to
evaluate the relative importance of those physical pro-
cesses associated with the greenhouse effect. Figure 2

shows spectral and vertical variations of these terms
in Eq. (4) for the subarctic winter atmosphere. At the
lower levels of the troposphere where the temperature
inversion occurs, there is a non-negligible negative con-
tribution to the greenhouse trapping, particularly over
the spectrum approximately from 350 to 1420 cm ™.
This negative contribution to the greenhouse effect is
due to the low-level temperature inversion occurring
over high latitudes during the winter. The negative
contribution extends up to the height at which the
atmospheric temperature is equal to the surface tem-
perature (about 1.5 km as shown in Fig. 2a). Since it
is common for a low-level temperature inversion to oc-
cur in the winter over high latitudes (Cao et al., 2001),
the negative contribution to the greenhouse effect due
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Fig. 2. Vertical-spectral variations for the subarctic winter of the terms in Eq. (4): (a) term 1 associated
with the temperature contrast at intervals of 3 W m™2 ym™! for positive values and -1 W m~2 pm™*
for negative values, (b) term 2 associated with the interaction between the surface emissivity and the

temperature contrast at intervals of -1 Wm™2 ym ™", and (c) term 3 associated with the surface emissivity

at intervals of -1 Wm™2 pym™".
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to this temperature structure is important. At the up-
per levels of the troposphere, however, the first term of
Eq. (4) generally increases with height especially over
the spectrum of 500 to 1250 cm™!. Beyond this re-
gion, there are two spectral regions, 300 to 500 cm ™"
and 1250 to 1880 cm~!, demonstrating fluctuations.
The perturbation of the former is smaller in magni-
tude than that of the latter mainly due to the low
intensity of the Planck function at the former spectral
region although vertical variation of transmittance is
strong at this region. The perturbation in the latter
region reflects the vertical variations of transmittance
and moisture contents. Above the troposphere, the in-
crease of the first term is mainly confined to the spec-
tral region of about 850 to 1100 cm~!, with substantial
fluctuations in the region of 1330 to 1880 cm™!.

Comparisons between two seasons (Fig. 2a and Fig.
3a) indicate that the process associated with the tem-
perature contrast in the summer is about 2 times larger
than that in the winter although they are of the same
order of magnitude. No negative contributions are ob-
served in the summer because the low-level tempera-
ture inversion does not occur in the subarctic summer
atmosphere. Similar to the winter, the fluctuations ap-
pear in two spectral regions over the summer, which
are almost located in the same regions as those in the
winter. The perturbations in these two regions over
the summer are much stronger than those over the win-
ter since the temperature contrast between the surface
and atmosphere is stronger in the summer. It is also
observed that these two spectral regions are broader
in the summer than those in the winter.

The second term, associated with the surface emis-
sivity and the temperature contrast, has negative con-
tributions with the same order of magnitude as the
first term over the winter (Fig. 2b and Fig. 2a). This
indicates that the interaction between the surface
emissivity and the temperature contrast is important
during the winter. The magnitude of the absolute val-
ues of this term increases with height in the tropo-
sphere over the spectral region of about 500 to 1750
em™! (Fig. 2b). The fluctuations occur in the spectral
region of approximately 1250 to 1750 cm~!. These
fluctuations can extend up to about 15 km.

It is very interesting to note that the process asso-
ciated with the surface emissivity and the temperature
contrast has very significant seasonal variations. This
term in the winter is about 6 times larger than that
in the summer (see Fig. 2b and Fig. 3b). These sea-
sonal variations are mainly due to surface emissivity
changes over the two seasons (snow versus vegetation)
and their interactions with the temperature contrasts.

The third term, associated with the surface emis-
sivity, demonstrates that the fluctuations are confined
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to two spectral regions, approximately 500 cm~! and

1250-1500 cm ™! (Fig. 2c and Fig. 3c). Also, this term
displays significant seasonal variations, and its magni-
tude over the winter is about 10 times larger than that
over the summer.

In short, the seasonal variations of the second and
third terms are much stronger than those of the first
term although the magnitude of the first term is larger.
This statement is also valid even for a large value of
es=0.9.

The relative importance of physical processes in
Eq. (4) is evaluated over the wavenumber from 0 to
2500 cm~!. Since the observational surface emissivity
is only available over infrared regions in the literature,
the surface emissivity of snow and vegetation in the
infrared region is used in this paper. It is clear that
observations of the surface emissivity over the far in-
frared regions are needed to eliminate the uncertainty
in evaluation of the importance of the various physical
processes in Eq. (4).

4.2 Spectral and vertical integration

The spectrally and vertically integrated values of
the three parts of the greenhouse effect and the to-
tal greenhouse effect (G) are computed for the sub-
arctic winter and summer (Table 1). Comparisons be-
tween the two subarctic seasons indicate that the mag-
nitudes of the second and third terms contributing to
the greenhouse trapping over the subarctic winter are
about 7 to 10 times those over the subarctic summer,
whereas the magnitude of the first term in the subarc-
tic summer is only about 2 times that in the subarctic
winter.

5. Conclusions

Different from the earlier studies (Raval and Ra-
manathan, 1989; Sinha and Harries, 1995) where the
surface longwave radiation is treated as the blackbody
emission, it is considered to be a greybody emission
in this paper. In contrast to the previous research
that paid attention to water vapor greenhouse trap-
ping over different spectral regions (e.g., an infrared
region of Raval and Ramanathan (1989) and a far

Table 1. Variations of the spectrally and vertically in-
tegrated values of the three parts of the greenhouse effect
and the total (in units of W m™?2) over the subarctic win-
ter and summer.

Winter Summer
Term 1 89.7 147.5
Term 2 —14.4 2.2
Term 3 -11.3 -1.1
Total 64.1 144.3
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infrared region of Sinha and Harries (1995)), the fo-
cus of this paper is on the physical processes and their
seasonality in contributing to the greenhouse trapping
and its seasonal variations, particularly when the sur-
face emissivity is taken into account. By introducing
the surface emissivity into the formulation, we have de-
fined a new expression for the greenhouse effect. Based
on the new formulation, the greenhouse trapping has
been partitioned into three physical processes. These
are associated with (1) the temperature contrast be-
tween the surface and the atmosphere, (2) the inter-
action between the surface emissivity and the temper-
ature contrast, and (3) the surface emissivity.

Numerical simulations with the aid of the radia-
tion model MODTRANS3 show that the process as-
sociated with the temperature contrast between the
surface and the atmosphere dominates over the other
two processes. Over the subarctic winter, the low-level
temperature contrast is substantially reduced due to
the temperature inversion and this results in a nega-
tive contribution to the greenhouse effect. The magni-
tude of this process is highly perturbed in the spectral
region of 1250 to 1880 cm~! as well as in the far in-
frared region. The dominant seasonal variations are,
however, associated with processes of the interaction
between the surface emissivity and the temperature
contrast as well as the surface emissivity itself. The
magnitudes contributing to the greenhouse effect due
to this interaction and the surface emissivity itself over
the winter are about 7 to 10 times those over the sub-
arctic summer.

This research has demonstrated the importance of
the surface emissivity and its seasonality in contribut-
ing to the greenhouse trapping and its seasonal vari-
ations. It is suggested that the availability of more
surface emissivity data over various spectral regions
(e.g., the far infrared region) is a key to yield further
insight into the roles played by the surface emissivity
in contributing to the greenhouse effect and associated
climate variability and change. In the future, this re-
search will be applied to investigations of the longterm
effects of the surface emissivity on greenhouse trapping
using observed data.
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