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Abstract. By using satellite observations and European Centre for Medium Range
Weather Forecasts analyses, we study the seasonal variations of the precipitable
water and the greenhouse effect, defined as the normalized difference between
the longwave flux emitted at the surface and that emergent at the top of the
atmosphere. Results show a strong systematic influence of the vertical structure
of the atmosphere on geographical and seasonal variations of both precipitable
water and greenhouse effect. Over ocean, in middle and high latitudes, the seasonal
variation of the mean temperature lapse rate in the troposphere leads to large -
seasonal phase lags between greenhouse effect and precipitable water. By contrast,
the seasonal variation of the clear-sky greenhouse effect over tropical oceans is
mainly driven by the total atmospheric transmittance and thus by precipitable
water variations. Over land, the seasonal variation of the tropospheric lapse
rate acts to amplify the radiative impact of water vapor changes, giving a strong
seasonal variation of the greenhouse effect. Over tropical land regions, monsoon
activity generates a seasonal phase lag between surface temperature and relative
humidity variations that gives a seasonal lag of about 2 months between the surface
temperature and the clear-sky greenhouse effect. Generally, the cloudiness amplifies
clear-sky tendencies. Finally, as an illustration, obtained results are used to evaluate

the general circulation model of the Laboratoire de Météorologie Dynamique.

1. Introduction

The complex behavior of the various feedbacks in-
volved when an external or internal forcing is applied to
the climate system has been investigated by using either
general circulation models (GCM) [e.g., Hansen et al.,
1984; Wetherald and Manabe, 1988] or one-dimensional
radiative-convective models. A recent GCM intercom-
parison {Cess et al., 1990] shows agreement among dif-
ferent GCM estimates of sensitivity of the clear-sky
Earth radiation budget to a global surface temperature
change. If we consider that this clear-sky sensitivity is
mainly related to change in the outgoing longwave flux,
this result tends to demonstrate that different GCMs
(and thus various sets of parameterizations) give a sim-
ilar global greenhouse effect response to a surface tem-
perature change. Globally, the greenhouse effect is not
only a tracer of the atmospheric opacity but also of
the vertical structure of the atmosphere that depends
mainly on convective and radiative processes together
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with the mean sensible and latent heat fluxes at the
surface. Although compensating effects may appear, es-
pecially for changes in the vertical distribution of both
water vapor and temperature, the different GCMs stud-
ied by Cess et al. [1990] thus seem to respond similarly
to a surface temperature change.

The problem is that there is no observation available
to validate the complex interactions involved in GCM
sensitivity tests (for example, by increasing trace gas
concentration or by changing the global surface temper-
ature). The relations between the surface temperature,
the precipitable water and the clear-sky greenhouse ef-
fect that can be extracted from available satellite obser-
vations are averages over an ensemble of local-regional
relations and have no obvious reason to be adapted for
the evaluation of a modeled global climate change. This
is mainly because these local relations do not corre-
spond to an equilibrium state between the atmospheric
column and fluxes at the surface and at the top of the
column. The local atmospheric structure is actually
strongly influenced by the general (mainly meridional)
circulation. Also, the local sea surface temperature
(SST) is strongly influenced by the ocean circulation
and is not only related to the local net flux at the sur-
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face. In the context of global change only, the results
of recent observational studies [Raval and Ramanathan,
1989; Stephens and Greenwald, 1991; Duvel and Bréon,
1991] are thus not directly usable to validate the magni-
tude of GCM water vapor feedbacks. This is confirmed
by the different magnitudes of the relation between the
SST and the greenhouse effect obtained from interan-
nual [Duvel and Bréon, 1991] or geographical [Raval and
Ramanathan, 1989] variabilities, especially over middle
and high latitudes.

By using time series of observed outgoing clear-sky
longwave flux, it is nevertheless possible to study the
influence of the variability of the atmospheric structure
on the greenhouse effect at different time scales (i.e.,
seasonal, interannual,...). This is expected to furnish
useful information on the different processes involved
in greenhouse effect sensitivity. For example, it is in-
teresting to uncover coherent behavior explaining part
of the relatively strong scatter found in previous obser-
vations of the local relation between the surface tem-
perature, the precipitable water and the greenhouse ef-
fect. From these coherent behaviors, one may extract
useful information on systematic aspects of the vari-
ability of the atmospheric structure in different weather
regimes (i.e., tropics, mid-latitudes, subtropical subsi-
dence zones,...). In addition, and it is the principal aim
of the Atmospheric Model Intercomparison Program
[Gates, 1992], we can use observable variabilities (i.e.,

geographical, seasonal, interannual) to evaluate GCM -

simulations made with the same boundary conditions,
i.e., SST and insolation. The seasonal variation of the
greenhouse effect is driven by the seasonal variation of
the numerous processes (convection, vertical diffusion,
radiation, ...) that modify the temperature and water
vapor profiles. Validation of this seasonal variation is
thus an evaluation of the GCM representation of many
processes and may be used as a basis to improve the
physical parameterizations.

A description of the data set used is described in sec-
tion 2. In section 3 we study the observed seasonal
variations of precipitable water and greenhouse effect
over ocean. We show how the precipitable water and
the clear-sky greenhouse effect are related to changes in
the surface temperature and in the vertical structure of
the atmosphere, i.e., temperature and relative humidity
profiles. A similar analysis is also performed over land
regions (section 4). The impact of the cloudiness on the
results is briefly discussed in section 5. In section 6 we
show how the observed results can be used to evaluate
the seasonal variation simulated by a general circula-

tion model. Summary and discussion are reported in
" section 7. : ’

2. Satellite Observations, European
Centre for Medium Range Weather
Forecasts Analyses and Analysis Method

Satellite Observation -

Observations of clear-sky and total outgoing long-
wave (LW: 5 to 50 pm) fluxes are derived from the
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Earth Radiation Budget Experiment (ERBE) [Bark-
strom, 1984]. We use information received by the scan-
ners on board the operational Sun-synchronous satellite
NOAA 10 and the Earth Radiation Budget Satellite
ERBS (in a 57° inclination orbit) for each 2.5°%2.5° re-
gion during the year 1988. These are monthly means,
archived in validated “S4” products [Barkstrom et al.,
1989]. The detection of clear-sky scenes, based on the
ERBE scene identification procedure, is difficult in re-
gions characterized by nearly permanent cloud condi-
tions (such as over the Intertropical Convergence Zone
(ITCZ)) or by the presence of snow or ice because of the
low contrast between snow and cloud albedo. Harrison
et al. [1990] discuss the accuracy of ERBE measure-
ments and suspect regional monthly means of LW fluxes
to have an rms error of 2 W/m? in clear-sky conditions,
and 3 W/m? otherwise. Systematic bias errors for to-
tal LW fluxes are estimated to be less than 1 W/m?,
whereas clear-sky LW fluxes are suspected to be over-
estimated by about 4 W/m?.

Columnar water vapor data used in this study are
derived from the SSM/I (Special Sensor Microwave Im-
ager) instrument, following the algorithm developed by
Wentz [1983]. As with many other microwave measure-
ments, data are useful only over open oceans. Esbensen
et al. [1993] reviewed in detail what is known about the
accuracy of these data. Based on comparisons with in
situ radiosonde measurements, Wentz retrievals of pre-
cipitable water are estimated to have an rms error of
3 kg/m?2. Since only three spectral channels are avail-
able on SSM/I, columnar water vapor retrievals can not
be based on actual vertical profiles of humidity and tem-
perature, and thus empirical atmospheric profiles are
used. Systematic error of the Wentz [1983] physically
based retrieval associated with simplifications in the as-
sumed vertical structure of the atmosphere has been es-
timated by Sun [1993] and found to be an overestimate
of about 3 kg/m? over large-scale areas in all latitudes.

Monthly means of sea surface temperature used in
this study are blended in situ (ship and buoy) and satel-
lite data analyzed by Reynolds [1988)]. The average rms
monthly error is estimated to be 0.78°C, and the aver-
age of the absolute value of the monthly bias is 0.09°C.
Over land, we use land surface temperature data de-
rived from the International Satellite Cloud Climatol-
ogy Project (ISCCP) monthly mean products (so-called
C2 products, see Rossow and Schiffer [1991] for a precise
description). Comparison with weather stations data
leads one to suspect satellite-derived temperatures to
be overestimated by around 0.9°C [Rossow and Garder,
1993].

ECMWF Analyses

We use monthly mean values of surface pressure, sur-
face temperature and of temperature and specific hu-
midity at eight standard pressure levels (i.e., 1000, 850,
700, 500, 400, 300, 200, 100 mbar) derived from the
European Centre for Medium Range Weather Forecasts
(ECMWEF) for the year 1988. The temperature, specific
humidity and the pressure of the lowest boundary of the
first layer is set to surface values. During the year 1988,
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no major modification was made to the ECMWF model
[Arpe, 1990], so that these analyses can be used to study
the seasonal variation.

" Analysis Method

In this paper only monthly means of all observed or
simulated quantities are considered.

The greenhouse effect. The normalized green-
house effect parameter used in this study is that defined
by Raval and Ramanathan [1989)] as

_ oT4 —IW,
ge = 01134

(1)

where Ty is the surface temperature, o the Stefan’s con-
stant and LW, the clear-sky outgoing longwave flux
(W/m?). The total greenhouse effect is obtained by re-
placing LW, by the mean longwave flux (i.e,, clear plus
cloudy). The outgoing longwave flux may be separated
into two parts representing the direct contribution of
the surface flux (i.e., 7,07} where 7, is the total atmo-
spheric transmittance between the surface and the top
of the atmosphere) and the LW atmospheric emission
to space (E;). The normalized greenhouse effect may
thus be expressed as

Eq
oT?

9=(01-r7)— =9gs — €gq (2)
where g, corresponds to the greenhouse effect resulting
from the total atmospheric transmittance and e, to the
normalized atmospheric longwave emission that reduces
the value of g.

Water vapor fluctuations. The water vapor con-
tent of the atmosphere is determined both by the satu-
ration water vapor pressure (g,) and the relative humid-
ity (r). The seasonal variation of temperature profiles
is a fundamental driving factor for the seasonal vari-
ation of humidity profiles. For each month and each
pressure level p, we can define two different values for
the monthly mean specific humidity ¢(p) correspond-
ing to monthly change due only to seasonal variation of
temperature or relative humidity, i.e., respectively,

a7 (p) = 7(p) ¢.(T(p)) (3)
7" (p) = r(p) ¢o(T(p)) (4)

where the overbar stands for annual averages. In order
to examine the origin of the impact of temperature vari-
ations on ¢(p), the monthly mean temperature at each
vertical level can also be separated into

T (p) = T(p) — AT, (5)

T*(p) = T(p) + AT, (6)

where AT, is the monthly deviation of the surface
temperature. By defining A as the monthly devia-
tion from annual mean, we obtain AT*(p) = AT, and
ATT(p) = AT(p) — AT,. Thus ATT accounts for
changes in the shape of the temperature profile (noted
T in reference to the lapse rate I'=-dT/dz but includ-
ing all shape changes) and AT, accounts for vertically
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uniform temperature changes. The term ¢ can thus
be divided into

" (p) = 7(p) 4o(T* (p)) (7)

4" (p) = 7(p) ¢(T" (p)) (8)
At first order, the monthly deviations of each of the
terms (¢", ¢7¢, ¢¥) are additive. By integrating these
terms over the whole atmospheric column, the monthly
deviation of the precipitable water W is well approxi-
mated by
AW = ATW + ATW + A™W 9)
The mass-weighted lapse rate. Although the
temperature lapse rate may vary with altitude, it is
convenient to characterize the rough shape of the tem-
perature profile by considering a mean mass-weighted

lapse rate in the troposphere T'p, [Stone and Carlson,
1979; Yang and Smith, 1985] defined as

1 2(200 mbar) dT
I'm = —M~/0 = p(2)dz

where M is the mass of the air column (of surface unity)
from the surface to 200-mbar level, and r(z) the air
density at the altitude z.

The Fourier analysis. Although the seasonal cycle
of a climatic variable may have a variety of shapes, it
is often convenient to consider only the first harmonic
(i-e., 12 month period) of the seasonal variation because
it can be described only by its amplitude and its phase.
This is justified whenever most of the seasonal variance
is explained by the first harmonic. For the different
quantities considered in this study (i.e., SST, W, g) and
for most latitudes, the zonal mean seasonal cycle may
be well represented by its first harmonic (not shown)
with variance percentages larger than 90%. Low per-
centages of variance are only obtained over equatorial
regions or for highest latitudes, with nevertheless values
larger than 50%. In this paper this analysis method is
used to highlight the main seasonal characteristics (am-
plitude and phase) of zonal mean quantities. The sea-
sonal amplitude is defined has A, = \/2H; where H,
is the variance of the first harmonic.

All along the analysis, a region for a given month
is considered only if all observed quantities (i.e., SST,
LW,, LW, W) are defined for this month and if there is
no ice over ocean. A latitude band is considered in the
spectral analysis if at least half of the nominal number
of regions for this latitude are defined for each of the 12
months.

(10)

3. The Observed Seasonal Cycle
Over Ocean

Seasonal Variations of the Precipitable Water

The hypothesis of a link between the sea surface tem-
perature (SST) and the precipitable water (W) is based
primarily on the variation of the saturation water vapor
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pressure at the surface (gs,) with the surface temper-
ature through the Clausius-Clapeyron relation. This
relation modifies the water vapor storage capacity of
the lowest layers of the atmosphere. However, there is
no reason for humidity profiles, together with the depth
of the boundary layer, to be rigorously related to the lo-
cal SST, so that precipitable water may vary even for a
fixed SST [Prabhakara et al., 1979; Liu, 1986; Stephens,
1990]. This variation is inspected here for different SST
intervals and for both SSM/I data and ECMWF anal-
yses (Figure la). Because of the exponential variation
of saturation water vapor at the surface (¢,, ) as a func-
tion of SST, we use fixed ¢,  intervals rather than fixed
SST intervals. This makes it possible to compare the
standard deviation of the precipitable water from one
SST interval to another. Figure la exhibits clearly the
well-known increase of the precipitable water with the
SST. The spread of the SSM/I precipitable water dis-
tribution appears to be much larger for warm regions
than for cold ones. For a same ¢,, interval of 2 g/kg,
the standard deviation of W is twice as large (about
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7.5 kg/m?) for SST of 25°C than for SST around 15°C.
This result is in agreement with observations of Gaffen
et al. [1992a] showing, on the basis of radiosonde data,
that the relation between the SST and W is better de-
fined for cold than for warm regions.

The breadth of the precipitable water distribution
(and also the mean W-SST slope) is likely to be ex-
plained by seasonal and regional changes in the plane-
tary boundary layer (PBL) depth, and more generally
by changes in temperature and water vapor profiles,
rather than by changes in moisture divergence, even
if the atmospheric structure is somewhat related to it.
This is because at the monthly scale, water vapor di-
vergence or convergence is nearly balanced by rain and
local evaporation. The large scatter of W in tropical
regions may tentatively be explained by the large vari-
ability of both PBL depth and relative humidity profiles
because convective as well as subsidence regions can co-
exist within a single SST interval. Over middle and high
latitudes, maybe because there is a more zonal distri-
bution of both SST and weather types, the precipitable
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Figure 1. (a) Mean precipitable water (derived from SSM/I data and produced by ECMWF

analyses) averaged for the year 1988 in different
sponding to regular intervals of surface saturati

sea surface temperature (SST) intervals, corre-
on humidity. Also reported is the mean mass-

weighted tropospheric lapse rate (in Kelvin per kilometer) derived from ECMWF analyses over

ocean for the same period. Vertical bars indicate
tion specific humidity interval. (b) Same as Figu

the half standard deviation within each satura-
re la but for the clear-sky and total normalized

greenhouse effect derived from ERBE data for the year 1988.
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water is better related to the SST. One may thus expect
a better seasonal relation between the SST and W in
middle and high latitudes than in tropical regions.

Seasonal phases and amplitudes of the zonal mean
precipitable water estimated by SSM/I are reported on
Figures 2a and 2b, respectively. The SST has a strong
impact on the seasonal phase of W since, for all consid-
ered latitudes, there is a phase lag smaller than 1 month
between W and the SST. Seasonal amplitudes of both
W and SST are maximal in the northern hemisphere
(NH) with maximum values at 40°N. However, there is
no obvious agreement between the seasonal amplitudes
of W and SST, especially when comparing tropics to
mid-latitudes. This suggests that the seasonal ampli-
tude of the precipitable water is not only related to the
seasonal amplitude of the SST but also to the seasonal
variation of the atmospheric vertical structure.

In agreement with Liu et al. [1991], the precipitable
water estimated by ECMWF analyses (Figure la) is
overestimated with regard to SSM/I estimates, espe-
cially over subtropical ocean (i.e., SST between 20°
and 25°C). By contrast, the standard deviation of W
is smaller for ECMWF analyses. However, by compar-
ing Figures 2 and 3, there is a good agreement between
SSM/I and ECMWF for both seasonal phase and ampli-
tude of the zonal W averages. This makes it possible to
analyze with good confidence the origin of the seasonal
cycle of the precipitable water by using ECMWF analy-
ses. This origin is analyzed using the method described
in section 2 (equations (3)-(9)). In middle latitudes, the
influence of the vertically uniform temperature changes
is predominant, especially for the southern hemisphere
(SH) where both amplitude and phase of AT:W are
very close to the actual amplitude and phase of AW
(Figure 3).

Between 5° and 15°N, the seasonal cycle of the rel-
ative humidity profiles is the principal source for the
seasonal variation of the precipitable water. More gen-
erally, in accordance with observations of Gaffen et al.
[1992b] based on radiosonde data, the seasonal varia-
tion of W in the tropics is strongly influenced by rela-
tive humidity variations. On the opposite, the seasonal
variation of the precipitable water in middle and high
latitudes is poorly influenced by the relative humidity
and the large phase difference between A”W and AT W
has thus a very weak impact on both seasonal phase and
amplitude of the precipitable water. In the tropics, the
mean relative humidity is in phase with the surface tem-
perature and thus enhances the seasonal amplitude of
the precipitable water. Note that this result is a ten-
dency obtained over global ocean by using zonal means.
However, when considering individual regions over the
ITCZ there is a poor relationship between the surface
temperature and the precipitable water that depicts a
nonsystematic influence of the surface temperature on
the convective or subsiding nature of the region, even
for monthly means. Note that, taking SSM/I estimates
as a reference, the underestimate of the seasonal am-
plitude of the ECMWTF precipitable water in the trop-
ics (i.e., comparing Figures 2b and 3b) may be mostly
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attributed to a too weak impact of relative humidity
variations.

The seasonal amplitude of ATW increases poleward
(Figure 3b), leading to an equal contribution of ATW
and ATW around 50°. It is worth noting that the lapse
rate and ATW vary nearly out of phase (Figures 2a
and 3a). Since a steeper lapse rate is associated to a
smaller water storage capacity of the atmosphere, this
result shows that, while it involves actually all seasonal
shape change of the temperature profile, ATW is mostly
sensitive to the mass-weighted lapse rate. In high lati-
tudes, the lapse rate being minimum during summer, it
reinforces the seasonal amplitude of W. The seasonal
lag between the SST and T certainly explains the small
lag between the SST and the precipitable water (Figure
2a).

In view of these results, one may conclude that the
seasonal variation of g, (that is, the greenhouse effect
related to the total atmospheric transmittance; see sec-
tion 2) due to W is not only related to seasonal SST
variations but also to variations of the relative humidity
profiles (mainly in the tropics) and of the temperature
lapse rate (mainly in middle and high latitudes). The
following section will combine this result to greenhouse
effect observations in order to highlight the relative role
of the LW atmospheric opacity (g5) and the atmospheric
emission to space (e,) in the seasonal variation of the
clear-sky greenhouse effect.

Seasonal Variations of the Clear-Sky Greenhouse
Effect (g.)

The annual mean distribution of g. for 1988 in given
gs, intervals (Figure 1b) exhibits the well-known in-
crease of g, with the SST [Raval and Ramanathan, 1989;
Stephens and Greenwald, 1991; Duvel and Bréon, 1991].
The standard deviation of g. mixes the effects of both
geographical and seasonal variations of the greenhouse
effect. These variations, together with the mean slope
of g., may be perturbed by systematic changes of the
vertical structure of the troposphere with latitude or
season. For example, the progressive increase of the
lapse rate with the SST (Figure 1a) acts to increase the
g.-SST slope. Also, the larger standard deviation of
the lapse rate for cold regions corresponds to the larger
standard deviation of g.. In the present section we an-
alyze in more detail the role of the vertical structure
on the seasonal variability of the clear-sky greenhouse
effect.

The greenhouse seasonal phase (Figure 2a) exhibits
a progressive shift from summer in the tropics to win-
ter in high latitudes. Over middle and high latitudes,
the seasonal variation of g. is thus not in phase with
the SST or the precipitable water. This striking result
demonstrates that the seasonal variation of g, over par-
ticular regions is not primarily related to variations of
the total atmospheric transmittance but rather to varia-
tions of the atmospheric infrared emission to space (e,).
In a first approach, the influence of the lapse rate (and
thus e,) on the seasonal variation of g. is strongly sug-
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Figure 2. (a) Phase of the first harmonic of the zonally averaged seasonal variation of the

SST, precipitable water (W), clear-sky and total

greenhouse effect and of the temperature lapse

rate. The seasonal phase is expressed here as the month of maximum. (b) Amplitude of the
first harmonic of the zonally averaged seasonal variation of the SST and precipitable water. (c)
Amplitude of the first harmonic of the zonally averaged seasonal variation of the clear-sky and
total greenhouse effect and of the temperature lapse rate. All variables are derived from satellite

data or ECMWF analyses over ocean regions for

gested by the similar progressive shift of their phases
from tropics to high latitudes.

In clear-sky conditions and for a given columnar wa-
ter vapor amount, a large atmospheric LW emission
may be produced either (1) by a small mean tropo-
spheric lapse rate (I' = —dT/dz) or (2) by relatively dry

the year 1988.

upper tropospheric layers compared to lower layers. In
order to assess the relative importance of these two pro-
cesses, we compute the mean clear-sky greenhouse effect
in given intervals of both precipitable water and SST
(or gs,). This is shown on Figure 4 for winter and sum-
mer and for the northern hemisphere only. Although W
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Figure 3. Latitudinal distribution of (a) the seasonal phase (expressed as the month of maximum
precipitable water produced by a given component) and (b) amplitude of the different compo-
nents of the precipitable water variations derived from ECMWTF analyses. AW refers to actual
precipitable water variations, while A"W, AT*W and AT'W refer to precipitable water changes
associated to relative humidity profile variations, vertically uniform temperature variations, and
temperature lapse rate variations, respectively (see text).

and ¢, intervals are fixed, the summer and the winter
distributions are very different. During winter the vari-
ation of g, as a function of W presents nearly the same
slope for the different ¢,, intervals. On the contrary,
the summer distribution is very different with slopes
even becoming negative for ¢,, <12 g/kg (SST<17°C).
In addition, for a given W, the clear-sky greenhouse ef-
fect is larger for larger SST. This tends to demonstrate
that, for the northern hemisphere ocean, the geograph-
ical distribution of the vertical atmospheric structure
is far more variable during summer than during winter
and that, besides its dependence on the columnar water
vapor amount, the greenhouse effect strongly depends
on this vertical structure.

This systematic variation of the mean greenhouse ef-
fect may reflect forced variations of humidity profiles
with W and the SST. However, the relative humidity
near the ocean surface being quite constant [Prabhakara
et al., 1979], the surface humidity over ocean is roughly
proportional to ¢,,. For a constant precipitable water,
less water vapor is expected in altitude for larger g, .
Considering that a smaller amount of water in altitude

tends to decrease the greenhouse effect, the greenhouse
effect at constant W should be smaller for larger SST
(¢s,) [Duvel et al., 1993]). Also, the greenhouse effect
should obviously increase with W, and faster at con-
stant g, because more water is expected in altitude. A
strong compensating effect must thus exist to explain
the observed distributions during NH summer, i.e., the
increase of the greenhouse effect with ¢, at constant
W and the negative slopes of the g.-W relation for cold
regions.

The influence of the vertical temperature lapse rate
on the distribution of the greenhouse effect is stud-
ied by using monthly mean temperature profiles from
ECMWEF analyses (see section 2). Computing the mean
lapse rate in the same g, -W intervals highlights a strik-
ing correspondence between the distributions of I'y,, and
g for NH, during both summer and winter (Figure 4).
The g, distribution appears to be driven by systematic
variations of the vertical temperature structure with W
and the SST, i.e., (1) for SST<17°C, a smaller lapse rate
(smaller temperature decrease with height) for a larger
W at constant g, ; (2) for a given W, a smaller lapse
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rate for colder regions and (3) by comparing summer
and winter results, a stronger lapse rate during winter
than during summer in middle and high latitudes. In
the tropics, the lapse rate is always close to the moist
adiabatic value and only weakly variable. The variation
of the precipitable water at constant g,, is thus mainly
related to change in the relative humidity in altitude,
explalnmg the strong increase of g, with the precip-
itable water in the tropics (Figure 4) in agreement with
Hallberg and Inamdar [1993].

These tendencies remain while considering global ocean
for all months (Figure 4). This suggests that the above
behavior is a strong characteristic of the thermodynam-
ical structure of the troposphere. In fact, a large pre-
c1p1table water for a relatively cold surface can be ob-
tained only with more water in altitude and thus with
a small lapse rate to avoid supersaturation. Concern-
ing the seasonal variation over middle and high latitude
ocean, present results demonstrate that the negative ef-
fect of the lapse rate on the greenhouse effect, due to
the increase in atmospheric emission (e,), is stronger
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than its positive effect due to the larger W (and thus
gs)-

4. The Observed Seasonal Cycle
Over Land Regions

Since there is no SSM/I estimate of the precipitable
water over land, we use the precipitable water de-
rived from ECMWF analyses. However, since there
are far more conventional meteorological stations over
land compared to ocean, the ECMWTF estimates of W
are also certainly more reliable over land, especially for
northern middle latitudes. Land surface temperatures
(LST) considered are estimates reported in the ISCCP
C2 data set. These LST are actually estimates of the
surface blackbody temperature in the atmospheric win-
dow (i.e., 10-12 ym) and are not corrected for longwave
surface emlsswlty [Rossow and Garder, 1993] To com-
pute g., we thus simply estimate the longwave radiation
emitted by land surfaces as the blackbody value o T?.
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Figure 5. (a) Mean precipitable water and mass-weighted tropospheric lapse rate over land
derived from ECMWF analyses averaged in different land surface temperature (LST) intervals.
Only land regions for which surface pressure exceeds 900 mbar are considered. Vertical bars
indicate the half standard deviation within each saturation specific humidity interval. (b) Samie
as Figure 5a but for the clear-sky and total components of the normalized greenhouse effect
derived from ERBE data over land. Land surface temperatures estimates for the year 1988 are

derived from ISCCP data.
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To avoid spurious results due to the variable topogra-
phy, we have considered only land regions with a surface
pressure larger than 900 mbar. However, we have ob-
served that the consideration of all land regions does
not significantly modify the zonal mean results, so that
present results can be considered as representative of a
mean behavior for all land regions.

Seasonal Variations of the Precipitable Water

As for ocean regions, there is a stronger scatter of the
precipitable water over warm tropical regions (Figure
5). It is also worth noting that, while the precipitable
water increases regularly from cold to warm region over
ocean, the average W over land exhibits a steep increase
for LST between 15° and 20°C and remains nearly con-
stant above with a large standard deviation of the order
of 15 kg/m?2. The large variability of the atmospheric
vertical structure over tropical land (for a given surface
temperature) is possibly because the vertical structure
of the atmosphere is more determined by monsoon ac-
tivity than by the local surface temperature. Moreover,
the variability of the lapse rate is larger over land (Fig-
ure 5a) than over ocean (Figure 1a) leading to a larger
variability of water storage of the atmosphere. Finally, a
fundamental difference between land and ocean regions
is that water vapor and cloud have a strong direct radia-
tive impact on the local surface temperature over land
because of the smaller thermal inertia of the ground.

The seasonal phase of W is very close to the LST
phase poleward of 20° and exhibits a large lag of approx-
imately 4 months in the tropics (Figure 6a). This phase
lag may be also attributed to the monsoon activity that
increases the precipitable water and decreases the sur-
face temperature because of enhanced evaporation and
radiative cooling effect of high convective clouds. As for
ocean, the relative humidity over tropical land regions
is the main driving factor for the seasonal variation of
the precipitable water (Figure 7). In middle latitudes,
while the seasonal amplitude of the surface tempera-
ture is 3 times larger over land (Figure 6b) compared to
ocean (Figure 2b), the amplitude of W is of the same
order (i.e., around 10 kg/m?). This is because, pole-
ward of roughly 25°, seasonal variations of relative hu-
midity and lapse rate act to reduce the large seasonal
amplitude of the precipitable water (AT*1¥) related to
the large seasonal variation of the surface temperature
(Figure 7). The seasonal amplitude of the lapse rate
over land (Figure 6¢), twice as large compared to ocean
(Figure 2c), tends to decrease the seasonal amplitude
of W by roughly 7 kg/m? (ATW on Figure 7). This is
because a smaller lapse rate during winter increases the
water storage capacity in altitude and thus the precip-
itable water. Relative humidity variations (A"W) also
tend to increase W in winter (Figure 7a) with, however,
a very small amplitude (Figure 7b).

Seasonal Variations of the Clear-Sky Greenhouse
Effect

Despite the nearly constant W for a LST>20°C, g.
progressively increases with the surface temperature
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(Figure 5b) in accordance with the increase of the mass-
weighted lapse rate that tends to increase g, and de-
crease W. In middle and high latitudes, the prepon-
derance of AT*W on the seasonal variation of W (Fig-
ure 7) and the close agreement between both seasonal
phase and amplitude of the LST and T' (Figure 6) give
a seasonal variation of g, in phase with the LST. These
three parameters (LST, I' and g.) have an amplitude
that progressively increases toward high latitudes up to
roughly 40°. The in-phase relation between W and T
gives a large seasonal amplitude of the clear-sky green-
house effect (4 times larger than over ocean at 30°S or
40°N). In the tropics, the seasonal amplitude of g. is
weaker than over middle latitudes despite the stronger
variation of the precipitable water (Figure 6). This is
because the seasonal variation of the precipitable water
is mainly driven by the relative humidity (Figure 7) and
has a strong phase lag relative to T.

The global and annual distributions of g. and T in the
different g, -W intervals are presented on Figure 8. For
land regions, the distributions for NH-summer and NH-
winter are both very similar to this global annual distri-
bution and are thus not displayed. Compared to ocean
regions, there is thus a far more robust relation between
the LST and the mean lapse rate (especially in middle
and high latitudes) that also gives a more robust rela-
tion between the LST and the greenhouse effect. The
increase of the mean lapse rate with surface tempera-
ture is independent of the W interval considered and
gives a stronger greenhouse effect for warmer regions.
Except for the lowest ¢, interval (i.e., ¢;, <8 g/kg), the
slopes of g-W (or I'-W) also are similar for all g,, inter-
vals. In each ¢, (or LST) interval, larger precipitable
water corresponds to smaller lapse rates, that can be
easily understood since a smaller lapse rate allows more
water to be stored in altitude. There is thus a com-
pensating effect between the larger g, due to the larger
W and the larger e, due to the smaller lapse rate. This
gives a nearly constant greenhouse effect for W between
15 and 40 kg/m? for most LST intervals.

In the tropics, the most striking difference with re-
gard to ocean regions is the strong increase of the mean
lapse rate as a function of the LST, even for dry regions.
The strongest greenhouse effect in warmer regions is
thus not related to largest W but to largest lapse rates.
Over land, these regions correspond to desert area dur-
ing summer.

5. Impact of the Cloudiness

This section evaluates the role of cloudiness in per-
turbing the observed seasonal variation of the clear-sky
greenhouse effect. On the average, cloudiness perturbs
the greenhouse effect by about 25% (Figures 1b and
5b). However, the standard deviation of g is generally
much larger than the standard deviation of g.. Despite
their relatively weak contribution on the annual mean
greenhouse effect, clouds thus play a fundamental role
in the spatio-temporal variability of the radiation field
at the top of the atmosphere. It is worth noting that
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Figure 6. Same as Figure 2 but for land regions.

the mean g remains nearly constant for SST between
15° and 25°C over ocean and for LST larger than 20°C
over land (as for W).

Over ocean, the total greenhouse effect (g) is in phase
with the SST up to 30° and lags the SST by 4 months
poleward (Figure 2). The phase lag between g and g,
exceeds 2 months only around 30°N. The amplitude of
g is generally larger than the amplitude of g., except
around 30° where g has a large phase jump that reduces
locally the coherence of the seasonal variation. The
most striking impact of cloudiness occurs in the tropics
where clouds increase threefold the seasonal amplitude

of the greenhouse effect. Clouds also increase this am-
plitude poleward of 40°. Over land regions (Figure 6),
clouds strongly increase the seasonal amplitude of the
greenhouse effect in the tropics and slightly decrease
this amplitude poleward of 30°.

For both land and ocean regions, the seasonal impact
(phase and amplitude) of cloudiness on the greenhouse
effect appears mainly to be linked to precipitable water
over the tropics (and thus to the relative humidity) and
to the lapse rate over middle and high latitudes. The
found influence of the lapse rate on the cloud-induced
greenhouse effect can be justified since a larger lapse
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rate means a more unstable atmosphere and a stronger
temperature contrast between the cloud top and the
surface. In high latitudes, the lapse rate thus tends
to maximize both clear and total greenhouse effect in
winter.

6. LMD-GCM Evaluation and Analysis

This section presents briefly an application of above
results to the evaluation of general circulation mod-
els. We use the LMD (Laboratoire de Météorologie
dynamique) GCM, a grid-point model discretized reg-
ularly in longitude (64 points), in sine of latitude (50
points) and irregularly along the vertical (11 sigma lev-
els). Main characteristics of this GCM are described in
detail by Sadourny and Laval [1984], Le treut and Li
[1991] and by Bony et al. [1992]. Concerning the water
budget, the model contains a supersaturation scheme
on which the parameterization of nonconvective cloudi-
ness is based, a Kuo scheme and a moist adiabatic ad-
justment scheme for the representation of penetrative
cumulus convection. No diurnal forcing is applied. The
longwave radiation code is the scheme originally devel-
oped by Morcrette et al. [1986] and recently updated
Morcrette [1990]. The parameterization of the water
vapor continuum used in the Morcrette code is an em-
pirical formulation originally developed by Roberts et
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al. [1976] and using coefficients derived from Clough et
al. [1980].

We analyze the last year of a 10-year (1979-1988)
simulation forced with observed SST and sea-ice dis-
tributions. The LMD-GCM is also used to get some
quantitative arguments on the relative role of temper-
ature and moisture vertical structures on the seasonal
variation of the greenhouse effect. Considering model
output for the year 1988, we have performed off-line
radiative computations of the monthly mean clear-sky
longwave radiation with modified temperature and hu-
midity profiles. Because of the nonlinear dependence
of LW fluxes on temperature and humidity conditions,
the clear-sky greenhouse effect computed on the basis
of monthly mean atmospheric profiles is likely to differ
from that computed at each time step in the model. In
fact, despite a slight underestimate of the seasonal am-
plitude of the clear-sky greenhouse effect by about 6%
over ocean (and negligible over land), time averaging
of the atmospheric profiles does not affect the seasonal
phase of the greenhouse effect.

The seasonal phase of the precipitable water (Fig-
ure 9a) over ocean is in very close agreement with ob-
servation (Figure 2). However, the simulated seasonal
amplitude is underestimated, especially in the northern
hemisphere (Figure 9b). The source of this discrepancy
is analysed by using the method described in section 2
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Figure 9. Same as Figure 3
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(equations (3)-(9)). One may first note that the sim-
ulated origin of the water vapor seasonal variation is
in general agreement with the ECMWF analyses (Fig-
ure 3). Surprisingly, a large part of the amplitude dis-
crepancy is due to the influence of uniform temperature
change (i.e., AT*W) that is smaller in the LMD-GCM
simulation (Figure 9b). This highlights bias in the sim-
ulated mean vertical structure. Particularly, in agree-
ment with Boer et al. [1992] who pointed out a cold
bias in the upper troposphere, the mass-weighted lapse
rate is too large in the model, giving a smaller impact
of uniform temperature change on precipitable water.
Other sources of disagreement also appear, such as the
underestimate of the amplitude of A"W between 10°N
and 20°N. Also, around 40°N, the seasonal amplitude of
W is reduced because the phase of A"W is not well sim-
ulated (out of phase with the SST) and its amplitude is
too strong.

Over ocean, the latitudinal distribution of the sea-
sonal phase and amplitude of the greenhouse effect is
relatively well reproduced by the LMD-GCM (Figure
10). The main discrepancy compared to ERBE observa-
tions (Figure 2) is the lower seasonal amplitude partly
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due to the computation method (i.e., use of monthly
mean) but also certainly to the too small seasonal am-
plitude of W. The influence of temperature variations
on the seasonal greenhouse effect is analyzed by fixing
for each region the relative humidity profile at its an-
nual mean value. To investigate the role of seasonal
change of the temperature profile shape on g. we com-
pute g. considering only uniform seasonal temperature
variations (the relative humidity is fixed but the water
vapor varies with the saturation water vapor). In the
tropics, the relative humidity is clearly the main driv-
ing factor for the modeled seasonal variation of g.. As
for the precipitable water, the underestimated seasonal
amplitude of g, in the tropics may thus be attributed to
the too small seasonal variation of the zonal-mean rel-
ative humidity in the LMD-GCM. In middle latitudes,
the phase of g. is only slightly affected when the rela-
tive humidity is held constant. However, around 40°N,
since the mean relative humidity is maximum during
winter, the amplitude of g, is enhanced. When the ver-
tical temperature structure is held constant, the phase
of g. is strongly affected (Figure 10a). This highlights
the lapse rate influence on the seasonal phase of g..
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Figure 10. Latitudinal distribution of (a) the seasonal phase and (b) amplitude of the clear-
sky greenhouse effect actually computed by the LMD GCM over the ocean, and that computed
(through off-line radiative computations) when regional monthly mean values of relative humidity
profiles (r(z)) or relative humidity profiles and lapse rates (I'(z)) are fixed and set to their
annual mean values. Also reported is the seasonal phase and amplitude of the simulated mean
tropospheric mass-weighted lapse rate over ocean.
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Since the seasonal amplitude of the lapse rate over NH
middle latitude is stronger in the LMD-GCM (Figure
10) compared to ECMWF analyses (Figure 2), the too
small simulated seasonal variation of g, may be mostly
attributed to the too small seasonal amplitude of W.
Concerning the seasonal variation of the precipitable
water over land, the main discrepancy between the
LMD-GCM and ECMWF analyses is the larger sim-
ulated seasonal amplitude in the tropics (Figure 11).
This is related to a larger amplitude of A"W in the
LMD-GCM. In mid-latitudes, the LMD-GCM seasonal
amplitude of W is very close to that of the ECMWF
analyses while there are some compensating effects be-
tween A"W (too large), ATW (too small) and AT-W.
Concerning the greenhouse effect, the LMD-GCM sim-
ulation well reproduces the phase of the seasonal varia-
tion and again underestimates slightly the seasonal am-
plitude. As for ocean regions, we use the LMD-GCM to
quantify the influence of temperature and humidity pro-
files on the seasonal variation of the greenhouse effect
(Figure 12). Because LST and I'y, vary in phase and
because W is mainly driven by the seasonal variation of
the LST, fixing either the relative humidity or the lapse
rate does not modify the phase of the greenhouse ef-
fect (not shown). For middle and high latitudes, fixing
the relative humidity increases the seasonal amplitude
of W and thus the amplitude of the greenhouse effect
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(Figures 11 and 12). At these latitudes, the too small
simulated seasonal amplitude of g. is thus certainly due
to the too strong seasonal variation of the mean rela-
tive humidity. Fixing the lapse rate decreases the green-
house effect in summer and thus decreases the seasonal
amplitude of the greenhouse effect. In the tropics, both
relative humidity and lapse rate variations tend to in-
crease the seasonal amplitude of the greenhouse effect.

7. Summary and Discussion

We have analyzed observed seasonal variations of pre-
cipitable water and greenhouse effect over ocean and
land regions. Throughout the analysis, we have tried
to isolate the different contributions of water vapor and
temperature vertical distributions on the greenhouse ef-
fect. This includes (1) the influence of the vertical pro-
files of relative humidity and temperature on the pre-
cipitable water and thus on the total atmospheric trans-
mittance and (2) the influence of these vertical distri-
butions on the atmospheric emission to space. Results
show that the nature and the origin of the seasonal vari-
ation of the greenhouse effect strongly depend on the
area of the globe considered.

Over middle and high latitude ocean, especially in the
northern hemisphere, the radiative effect of the temper-
ature lapse rate dominates the seasonal variation of the
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to their annual mean values. Also reported is the seasonal phase and amplitude of the simulated

mass-weighted lapse rate over land regions.

greenhouse effect and leads to large seasonal phase lags
between the precipitable water and the greenhouse ef-
fect, with even a phase opposition for high latitudes, in
agreement with Webb et al. [1993]. Over middle lati-
tude ocean, present results demonstrate that the nega-
tive effect of the lapse rate on the greenhouse effect due
to the increase atmospheric emission (e,) is stronger
than its positive effect due to both larger W (and thus
gs) and larger amount of water in altitude. The gen-
eral behavior is, however, relatively hard to apprehend
because the different parameters influencing the precip-
itable water and the greenhouse effect (i.e., surface tem-
perature, relative humidity and temperature lapse rate)
do not vary with the same seasonal phase for a given
latitude and do not have constant phase for the differ-
ent latitudes. For northern hemisphere land regions, the
seasonal variations of relative humidity and lapse rate
act to reduce the large seasonal amplitude of the pre-
cipitable water related to the large seasonal variation
of the surface temperature. The seasonal amplitude of

the clear-sky greenhouse effect is enhanced by lapse rate
variations (despite its action on the precipitable water)
and reduced by relative humidity variations. The larger
lapse rate during summer over land and during winter
over ocean is in accordance with Gulev et al. [1991] who
pointed out, on the basis of monthly mean temperature
data over the period 1957-1971, a positive correlation
between the monthly averaged tropospheric lapse rate
and surface temperature over land, and negative corre-
lation over ocean. Note that the larger land mass in
the NH may explain the stronger seasonal amplitude of
the lapse rate over NH compared to SH ocean but is
certainly not sufficient to explain the progressive lati-
tudinal shift of its seasonal phase. This is because the
phase of both observed and modeled greenhouse effect
is very similar for the 2 hemispheres. Further study is
needed to understand fully the origin of the seasonal
behavior of the temperature lapse rate over middle lat-
itude ocean.

Over tropical regions, the seasonal variation of the
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relative humidity strongly influences the seasonal vari-
ation of both precipitable water and greenhouse effect.
For these regions, lapse rate variations are small and
it is the total atmospheric transmittance that mainly
drives the seasonal variation of the clear-sky greenhouse
effect. Over land, the monsoon activity leads to a sea-
sonal phase lag of roughly 2 months relative to the sur-
face temperature.

We have shown that the vertical structure of the tro-
posphere strongly influences the seasonal variation of
clear-sky and total greenhouse effect. Despite the very
variable origin of such an influence, we have tried to ex-
tract some elements of simplicity that explain system-
atic aspects of the relation between the surface temper-
ature, the precipitable water and the greenhouse effect.
We have used the LMD-GCM to give a possible appli-
cation of above results for the evaluation of general cir-
culation models. The LMD GCM simulation of the sea-
sonal cycle of both precipitable water and greenhouse
effect is in general agreement with observation. Main
discrepancies are due to a too large impact of the sea-
sonal variation of the mean relative humidity (except
over tropical ocean) and to a too large annual mean
temperature lapse rate over ocean. This highlights bias
in the model response to an external forcing due not
only to the response of the different physical param-
eterizations but also to the model description of the
mean atmospheric state. The understanding of the ori-
gin of these discrepancies requires, however, more de-
tailed analyses and the consideration of other GCMs.
This also requires more work to understand the precise
origin of the obseved seasonal variation of the vertical
structure of the atmosphere. Finally, better knowledge
of the impact of the variability of the atmospheric struc-
ture on the radiative equilibrium of the Earth requires
the examination of other types of observable variations
and the evaluation of the model description of these
variations. A study of interannual changes is in progress
at LMD and will be reported in a future paper.
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