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Abstract. A decadal-scale trend in the tropical radiative en- derived from the combined visible/infrared (VIS/IR) analy-
ergy budget has been observed recently by satellites, whickis, the tropical cloud cover has decreased by-6.8% per
however is not reproduced by climate models. In the presentlecade, in relative terms. A detailed analysis of the inter-
study, we have computed the outgoing shortwave radiatiorannual and long-term variability of the various parameters
(OSR) at the top of atmosphere (TOA) at 2I6ngitude-  determining the OSR at TOA, has shown that the most im-
latitude resolution and on a mean monthly basis for the 17portant contribution to the observed OSR trend comes from
year period 1984-2000, by using a deterministic solar ra-a decrease in low-level cloud cover over the period 1984—
diative transfer model and cloud climatological data from 2000, followed by decreases in middle and high-level cloud
the International Satellite Cloud Climatology Project (IS- cover. Note, however, that there still remain some uncertain-
CCP) D2 database. Anomaly time series for the mearties associated with the existence and magnitude of trends in
monthly pixel-level OSR fluxes, as well as for the key phys- ISCCP-D2 cloud amounts. Opposite but small trends are in-
ical parameters, were constructed. A significant decreastroduced by increases in cloud scattering optical depth of low
ing trend in OSR anomalies, starting mainly from the late and middle clouds.

1980s, was found in tropical and subtropical regions &0
3 N), indicating a decadal increase in solar planetary heat-

ing equal to 1.90.3Wnr2?/decade, reproducing well the )

features recorded by satellite observations, in contrast to clil  Introduction

mate model results. This increase in solar planetary heating,

however, is accompanied by a similar increase in planetary! he climate of the Earth-atmosphere system is driven by the
cooling, due to increased outgoing longwave radiation, soEarth’s radiation budget. Clouds interact with radiation play-
that there is no change in net radiation. The model comJng thus a key role for the Earth’s radiation balance, and
puted OSR trend is in good agreement with the correspondb€nce they strongly affect the Earth's climate. However,
ing linear decadal decrease of 2.4 Wnt2/decade introp- ~ cloud-radiation interactions currently introduce the largest
ical mean OSR anomalies derived from ERBE S-10N non-uUncertainty in climate variability and climatic change pre-
scanner data (edition 2). An attempt was made to identifydiction through various feedback processes (IPCC, 2001).
the physical processes responsible for the decreasing trend In the last few years, there is increasing evidence of a large
in tropical mean OSR. A detailed correlation analysis us-decadal trend in the top of atmosphere (TOA) tropical radia-
ing pixel-level anomalies of model computed OSR flux and tion budget, attributed to changes in cloud amount (Wielicki
ISCCP cloud cover over the entire tropical and subtropicalet al., 2002a,b; Allan and Slingo, 2002; Chen et al., 2002;
region (30 S—30 N), gave a correlation coefficient of 0.79, Linetal., 2004; Zhang et al., 2004). Wielicki et al. (2002a,b)
indicating that decreasing cloud cover is the main reason fo@nalysed satellite broadband observations from the Earth
the tropical OSR trend. According to the ISCCP-D2 dataRadiation Budget Satellite (ERBS), Wide Field of View
(WFOV), Earth Radiation Budget Experiment (ERBE/ERBS
Correspondence td\. Hatzianastassiou scanner), Scanner for Radiation Budget (ScaRaB), Clouds
(nhatzian@cc.uoi.gr) and the Earth’'s Radiation Energy System (CERES) of the
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outgoing longwave (OLR) and shortwave radiation (OSR) atploying cloud amount data from the ISCCP-D2 and CLAUS
TOA over the 22-year period 1979-2001, and reported a sig{Hodges et al., 2000) dataset (which is, however, based upon
nificant decadal-scale variation 63Wm~2 in the tropical  ISCCP-B3) provided strong evidence that the cloud amount
OLR and OSR at TOA. They suggested that this variation istrend, especially in the tropics, is physical and robust, and
caused by changes in tropical cloudiness. Chen et al. (2002Zhat it is significantly correlated with various dynamical pa-
using ISCCP data, also reported that there has been a corameters.
responding variation in total cloud amount in tropical and In this study, we extend the work by Hatzianastassiou et
sub-tropical regions, over the same period, that might ex-al. (2004a), by focusing on the tropical and subtropical re-
plain the SW radiative flux anomalies. They provide evi- gions (30 S—30 N). We attempt to analyse in detail trends in
dence that these cloudiness changes are related to changesd$R flux by using model computations and satellite obser-
vertical air-motion possibly associated with a strengtheningvations, and to identify and quantify their probable causes,
of the tropical Hadley and Walker circulations. Jacobowitz Thus we compute the tropical OSR flux at TOA over the ex-
et al. (2003) using the Advanced Very High Resolution Ra-tended 17-year time period from 1984 to 2000 by using a de-
diometer (AVHRR) Pathfinder Atmosphere (PATMOS) cli- terministic radiative transfer model, cloud data from ISCCP-
mate data set, examined the time series of the OSR at TOA ilD, and atmospheric and humidity data from NCEP/NCAR
the tropics (20S—-20 N), and found that tropical PATMOS and ECMWF reanalysis projects. Anomaly time series of
and ERBS OSR fluxes are in quite good agreement. Howthe OSR at TOA, as well as of the key input climatolog-
ever, for the OLR at TOA they found no significant long-term ical data, averaged over tropical and subtropical regions
trend in the corrected PATMOS data against the significant{(30° S—-30 N), were constructed to investigate any existing
increasing trend found in ERBE OLR fluxes. Hatzidimitriou trend. The model OSR anomalies have been compared with
et al. (2004) performed an analysis on the tropical OLR atthose obtained from the Earth Radiation Budget Experiment
TOA and its causes. They have reported a decadal increageERBE, Barkstrom et al., 1989) ERBS S-10N (WFOV NF
in OLR at TOA of 1.9:0.2 WnT2, mainly attributed to a de-  edition 2) non-scanner data. Our model results show that,
crease in high-level cloud cover over the period 1984-2000contrary to climate models, the deterministic radiative trans-
followed by a drying of the upper troposphere and a de-fer model can reproduce well the long-term variability in the
crease in low-level cloudiness. Zhang et al. (2004) calculatedropical SW radiation budget at TOA. The sources of this
time-series of monthly mean TOA SW and LW fluxes from long-term OSR trend were further investigated, and the ef-
ISCCP-FD data, confirming that there is a decadal variatiorfect of any long-term changes detected in the time series of
in the tropical mean radiative energy budget. It is notewor-the model input data, to changes in the OSR at TOA, was
thy that climate models studied by Wielicki et al. (2002) and examined.
Allan and Slingo (2002), failed to reproduce this variation in
the tropical energy budget, as measured by satellites, with the
currently used climate forcings, due to either some additiona Model and input data
external forcing or some internal physical processes which
are not included in the climate models (Allan and Slingo, The radiative transfer model used to compute the TOA
2002). Most of the existing studies, however, give more em-OSR fluxes, is described in detail by Hatzianastassiou et
phasis to the decadal trend in OLR rather than OSR flux afl. (2004a), Hatzianastassiou and Vardavas (1999, 2001) and
TOA, probably because it is generally more difficult to ob- Vardavas and Koutoulaki (1995). The model takes into ac-
tain correct SW than LW fluxes in climate models (Wielicki count the presence of ozonez)Qwater vapour (HO), car-
et al., 2002a, data supplemermitp://www.sciencemag.org/ bon dioxide (CQ), aerosol particles, Rayleigh scattering,
cgi/content/full/295/5556/841/DG1Besides, in most cases, surface reflection, and clouds (low, middle, high). Cloud
the existing studies do not examine the causes of the decadalimatological data such as cloud cover and cloud optical
scale trends. thickness are taken from the ISCCP-D2 dataset (Rossow et
Recently Hatzianastassiou et al. (2004a), using a deteral., 1996; Rossow and Schiffer, 1999) and they are treated
ministic radiative transfer model along with ISCCP-D2 data, as in Hatzianastassiou et al. (2004a). It should be noted
reported a decreasing trend in the OSR flux at TOA, ofthat we have used in this study the ISCCP-D2 individual
2.3Wn12 on a global scale, over the 14-year period 1984—cloud data derived from the visible/infrared (VIS/IR) analy-
1997. This global OSR trend was ascribed to low latitudes,sis rather than the low-, mid- and high-level cloud data (as
while clouds, as given by ISCCP, were identified as the mostlassified according to the ISCCP scheme), also provided
likely source. However, there is still some debate on whethetby ISCCP-D2 and derived using the IR-only analysis. This
the decreasing trend in cloud amount is physical or not. Moreis done because the combined VIS/IR analysis is of better
detailed investigations are necessary. For example, the reguality than the IR-only one during daytime (Rossow et al.,
lationship between the OSR anomaly and the anomalies i1996), and thus the VIS/IR cloud products are more appro-
cloud amount of different cloud types (e.g. low, mid and priate for SW radiation budget studies. Moreover, the VIS/IR
high-level) should be determined. Ellis et al. (2004) em- (individual) cloud data were found to dramatically improve
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Fig. 2. Average seasonal cycle displayed by the model OSR (solid
line) and the ERBE OSR (dashed line), after having subtracted from
the model data the value of 1.5 Wi (model bias).
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The model mean monthly OSR fluxes at TOA were vali-
dated against high-quality ERBE-S4 scanner data for each
T : I I (©) 2.5°x 2.5 latitude-longitude region for the years 1985-1989

' " " (for which ERBE-S4 data are available). The validation was
performed at pixel level for all pixels within the 36-30 N
zone, providing good agreement, with a correlation coeffi-
cient R equal to 0.96. The mean difference between model
calculated by the model an) as derived by ERBE-S4 scanner and ERBE fluxes is 1.5 Wit with a standard deviation of

2 - - . . B
data. Both give the annual long-term average calculated over the 608'6wm_ . Figure 1 shows the geographical distribution O,f
month period covered by the ERBE-S4 dataset (1985-1989). Figurd€ S-year annual average of OSR at TOA as computed with
() gives the difference in OSR at TOA between the model compu-OUr model and as derived by ERBE-S4 data, as well as the

tations and ERBE-S4 data. differences between the model results and the ERBE-S4 data.
There is very good agreement with differences less than 5%
over most pixels in the study region. Also, our model re-
produces very well the 5-year average annual cycle of OSR
) over the tropical and subtropical region, as given by ERBE
the SW_modeI_ results at both TOA and su_rface, in terms Of(Fig. 2). Given that the ERBE-S4 scanner data (1985-1989)
comparison with ERBE-S4 scanner satellite data and Basegg not provide long-term time series, the long-term (1985—

line Surface Radiation Netyvork (BSRN) and Global Energy 1999) ERBE S-10N (WFOV NF edition 2) non-scanner data
Balance Archive (GEBA) site measurements, respectively. yere also used to serve for intercomparison with our model

results (see next section). Note that in this case, our model

Climatological vertical distributions of temperature and results were downscaled t6 Bngitude-latitude resolution,
water vapour as well as data of surface pressure, which arg) meet the spatial resolution of the ERBE S-10N data
used for the model's topography scheme, are taken either '

from the NCEP/NCAR or the ECMWF Global Reanalysis

Projects. Total @ column abundance data are taken fromthes Results and discussion

Television Infrared Observational Satellite (TIROS) Opera-

tional Vertical Sounder (TOVS) database, whereas aerosaf.1 Tropical interannual OSR flux anomalies: model ver-
optical properties, i.e. aerosol optical thickness (AOT), sin- sus ERBE S-10N

gle scattering albedax,.,) and asymmetry parametexi(,),

are taken from the Global Aerosol Data Set (GADS) (KoepkeHatzianastassiou et al. (2004a) have reported a decreasing
et al., 1997), and they are treated as in Hatzianastassiou étend in the global mean OSR over the 14-year period 1984—
al. (2004b). 1997 claiming that this trend is attributed to low latitudes. In

Fig. 1. Geographical distribution of the outgoing shortwave ra-
diation (OSR in WnT2) at the top of atmosphere (TOAJ) as

www.atmos-chem-phys.org/acp/5/1721/ Atmos. Chem. Phys., 5, 173202005
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8 175 Fig. 3. TheA. anomalies were derived from the ISCCP-D2
Model .
ERBS monthly mean data as differences from the 17-year averages.
[raraey L4 Note that the strong positive anomalies during the summer
— Linear Fit A, Anomaly of 1991 are mostly attributed to low-level clouds and secon-
g 5 darily to mid-level ones. This is due to the fact that after
> > the Mt. Pinatubo eruption, the VIS/IR ISCCE. data indi-
5 > cate a notable decrease of thin cirrus over oceans, accompa-
%‘ § nied by a comparable increase of altocumulus and cumulus
o 2 clouds; over land, there are no significant changes (Luo et
§ ) = al., 2002). However, this is a temporary local effect, since
61 LaNina the Mt. Pinatubo volcanic aerosol did not have a significant
Pinatubo eruption  Pinatubo recovery systematic effect on tropical cirrus properties such as cloud
B « R « 6 amount or optical thickness, as reported by Luo et al. (2002).
F LS LSS FFEF S FE S This is an example of how changes in ISCCP radiances that
FEFEEEEFEFFEFEFFS are not related to clouds may be interpreted incorrectly as

_ _ _ _ cloud effects by ISCCP. Nevertheless, even in such a case
Fig. 3. Time series of tropical (305-30' N) mean model (blue  of spurious change in ISCCP cloud data, realistic changes in

line) and ERBE S-10N (magenta line) top of atmosphere (TOA) (5diative fluxes can result by using these data.
outgoing shortwave radiation (OSR) anomalies (in and

ISCCP-D2 total cloud coverA,) anomalies (in %) (green line),

over the time period 1984—2000. Linear regression fits to the model Linear regressions to the OSR and anomalies are also

OSR flux anomaly (blue line) andAanomaly (green line) are also  given in Fig. 3. The time series of OSR anomaly, ex-
shown. hibit a significant long-term decreasing trend in the trop-
ical and sub-tropical latitudes, well illustrated by the fit-

. . ted linear regression. More specifically, the model com-
this study, we have extended the study period up to 17 years uted OSR anomaly yields a linear decadal decrease equal

l.e. from January 1984 through Dece_mber 2000.’ and focu 0 1.9+0.3Wn12/decade. At the beginning of the study pe-
on the zone 30S-30 N where, according to satellite obser- =~ "% ) T
. . L . riod, i.e. around the mid 1980s, the OSR anomaly is slightly
vations, there is a significant trend in OSR. Inter-annual de- " "’ . . . .
: . . ositive, varying around 2 Wnt, while there is a drop from
seasonalised (i.e. from which the average seasonal cycle h e late 1980s, down to values 2 W2, The positive
been removed) anomalies of the mean monthly OSR fluxe%SR anomalies at the beginning of the study period are prob-

averaged over the zone B30 N, for the period 198.4 tq 3ably due to the influence of the EI-Chichon eruption that took
2000, were calculated with the model and are shown in Fig. : X
place in the spring of 1982.

(blue line).

The OSR anomaly shows great variation, upc®@Wm 2
above or below the 17-year mean. Interesting features can Our model’s decadal decreasing trend of-4098 Wn 2
be seen in Fig. 3, which are due to Elffdiand La Nfia  in tropical and subtropical OSR anomaly is in quite good
events and to Mount Pinatubo eruption (cf. Wielicki et al., agreement with the revised value of 2.5 W#for the OSR
2002a). The increase in the reflected OSR at TOA withinflux decrease given by Wielicki et al. (2002b), whereas recent
the year following the Pinatubo eruption is in good agree-corrections to the ERBE S-10N non-scanner data has resulted
ment with ERBE S-10N data as shown here (magenta line)in a trend equal to 2.1 Wn? (Wielicki, personal communi-
as well as with PATMOS data (Jacobowitz et al., 2003). Thiscation). In terms of comparison with our model results, the
rapid increase in OSR is followed by a recovery period. Thecorresponding tropical (366—30 N) mean OSR anomaly as
effects of the strong 1997/1998 Eli event that were ev- derived from the ERBE S-10N (WFOV NF edition 2) non-
ident in the observed and simulated OLR flux anomaliesscanner data is overlaid on Fig. 3. There is good agreement
(Wielicki et al., 2002; Allan and Slingo, 2002; Hatzidim- between the two time series. The linear decrease in tropi-
itriou, et al., 2004) are not so evident here, although an assocal OSR anomalies derived by ERBE S-10N data is equal to
ciated peak exists, consisting in an OSR anomaly that passes5+0.4 Wn12/decade, very close to our model computed
from large negative values (about6 Wm~2) to positives  value of 1.9:0.3 Wn1?/decade. The slightly larger variabil-
ones (~1.5Wnt2). However, as will be discussed below, ity of ERBE anomalies is probably due to the fact that there
a strong peak related to the 1997/1998 EfidNievent ap- are missing 2.5x2.5° latitude-longitude region data in the
pears in the zone°81(® S (cf. Fig. 6). Overall, the mean ERBE S-10N in latitudes between28nd 30 in both hemi-
tropical OSR flux is found to have decreased over the periodspheres. Consequently, our deterministic radiative transfer
1984-2000. The cloud cover() variability, in terms of  model is able to reproduce the decadal-scale trend and the
anomaly time series, over the same period (1984—-2000) andbserved patterns of the long-term variability in the OSR at
the same region (3G—-30 N) as for OSR, is also given in  TOA radiative flux anomalies over the tropical regions.

Atmos. Chem. Phys., 5, 1721730 2005 www.atmos-chem-phys.org/acp/5/1721/
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4.2 Correlation analysis of OSR flux and ISCCP cloud 100 -

anomalies ; 50
It has been suggested (Wielicki et al., 2002a; Chen et al. & 601
2002) that the large decadal variability in tropical OSR Z' 40
is caused by changes in tropical cloudiness. Recently £ 20
Hatzianastassiou et al. (2004), based on a sensitivity study = ;
have also reported that the long-term decreasing trend it x 0]
global mean OSR flux is mostly attributed to cloud cover. In = -20
this study, we have performed a thorough analysis identifying % 40 ]
clouds as the main source of the model computed decreasin « .
trend in OSR anomalies. At first, this is indicated by the © 60
patterns in the tropical mean cloud cover anomalies showtr o) -80
in Fig. 3; these patterns match very well those of OSR flux § =100 e
anomalies. Thus, the tropical cloud cover anomalies depict ¢ -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60
decreasing trend, starting from the early 1990s. From 198« Total Cloud Cover Anomaly (%) (@)
through the late 1980s, the cloud cover has positive anoma-
lies of about 2-4% above the 17-year mean, while after the
early 1990s the totad . anomaly steadily decreases through .~ 80_‘

the late 1990s, reaching values around 4% below the long k= ]
term mean value. The overall computed linear decreasing E 60

trend in total cloud cover is equal to 6:6.2% per decadé. = 40_'

To further investigate and quantify the apparent correla- g .
tion between the anomalies of OSR flux and total cloudi- £ 207
ness over the tropical region 38-30 N, we performed a 5 04

correlation analysis between the anomalies of model OSF = 1
flux and totalA. at 2.5 x2.5° pixel level and on monthly a '20'_
mean basis, for the 17-year period from January 1984 t¢ « _4¢-
December 2000; the relevant scatterplot is shown in Fig. 4 8 1
The total 704 658 pixel matched data pairs give a correla- ’60'_
tion coefficient equal to 0.79, indicating that the decrease ir oy -80 -
tropical cloud cover is mostly responsible for the satellite- @ L S B S L R L
observed and model computed decadal trend (decrease) ™ -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60
tropical OSR at TOA. Of course, cloud amount is a major Total Cloud Cover Anomaly (%) (b)
determinant of OSR flux in our model (see Hatzianastas-

siou et al., 2004a), though it is not the only one; for exam-Fig. 4. Scatterplot comparison betweéa) the pixel-level monthly
ple the cloud optical depth and cloud asymmetry parametemean model computed top of atmosphere (TOA) outgoing short-
also influence significantly the OSR. In this sense, the corwave flux anomalies (in Wm?) and the ISCCP-D2 total cloud
relation between the OSR flux anomalies and those of clou¢over anomalies (%) for the region 38-30 N, over the period
amount may be considered as some type of model sensitivityt 984-2000, andb) the monthly mean ERBE-S4 TOA outgoing

To check the representativeness of the correlation results of ‘°rtave flux anomalies (in wnf) and the ISCCP-D2 total cloud

Fig. 4a, we have also performed another correlation betweefior o anomalies (%) for the region 38-30'N, over the period

R . 1985-1989. A total number of 704658 and 207360 box matched

the ERBE-S4 O,SR flux an_omalles and those of I_SCCP'DZdata pairs are plotted, respectively, and the fitted linear regressions

cloud amount (Fig. 4b). This was done for the period 1985—,,,4 correlation coefficients (R) are also given.

1989 based on the availability of ERBE-S4 data. The total

number of 207 360 pixel matched data pairs give a correla-

tion coefficient equal to 0.69, close to the coefficient of 0.79

from the correlation between model OSR flux and ISCCP-the 5-year (1985-1989) period. The correlation coefficient

D2 A. anomalies for the 17-year period 1984-2000. In par-was found to be equal to 0.76, i.e. very close to 0.69. Conse-

ticular, to get the comparison between the two correlationsjuently, the correlation results between model OSR flux and

more consistent, we have repeated the correlation betweelpCCP-D2A. anomalies for the 17-year period (1984-2000)

the model OSR flux and ISCCP-D2. anomalies, but for are consistent and realistic and support our conclusion that

the computed decadal decreasing trend in tropical OSR flux
1Estimated percent decadal trend=100*(parameter decadais due to decreasing tropical cloud cover. However, it should

change)/(17-year average) be pointed out that, in contrast to the ISCCP-B2data, no

www.atmos-chem-phys.org/acp/5/1721/ Atmos. Chem. Phys., 5, 173202005
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Table 1. Correlation coefficient (R) values of the scatter plot com- Table 2. Decadal linear trend in low-, mid- and high-level cloud
parison between the pixel-level monthly mean top of atmospherecover (A.), cloud absorption optical depth4), cloud scattering
(TOA) outgoing shortwave radiation (OSR) anomalies and total optical depth £), total precipitable water (W,0), and total ozone
cloud cover @.) anomalies for each fOlatitude zone between column abundance (¥}) for the 30 S-30 N region, and the cor-
30° S-30 N, over the time period 1984-2000. responding induced changes (radiative forcing in Whnin the out-
going shortwave radiation (OSR) at the top of atmosphere (TOA).

Zonesf) R (OSR -totald.)

20°—30 N 0.76 Parameter Decadal Trend (%) OSR radiativg forcing
10°-20° N 0.77 at TOA (Wm™2)
0°-10°N 0.81 Ac — Low —9.9+0.8 3.1
1°-0°S 0.81 A, — Middle —6.6+0.8 1.2,
20°-10°S 0.78 A —High —-3.0+0.9 1.0,
30°-20°S 0.79 Low-t¢ 2.8+1.0 0.1
Middle-t¢ 3.1+1.1 0.11
High-t¢ —5.0+1.4 0.02+
Low-t} 4.0+£0.9 0.9
_ _ _ _ _ Middle-z} 4.9+0.8 0.62
trend is found in the adjusted AVHRR PATMOS time series  High-¢$ _0.3+1.9 0.08
of cloud amount. Besides, no systematic trends are noticed Wh,0 ~1.2403 0.04t

in the PATMOS tropical OSR and OLR fluxes (Jacobowitzet  Wwqg
al., 2003), compared to ERBE S-10N. Note also that there is
a decreasing trend in the cloud amount time series from the
CLAUS dataset (Hodges et al., 2000), which is consistent

with that of ISCCP-D2A. data (Ellis et al., 2004). More- jca| |atitudes 6-1C° N and S. Indeed, Figs. 5 and 6 confirm
over, the trend in ISCCP cloud data may still be uncertain tothat anomalies of model-based OSR flux and tatalhave
some extent, for example due to the view angle dependencgery similar inter-annual variability patterns betweeri $6
(Campbell, 2004). Thus, overall, it is very interesting thatin 10p N, but also between 3® and 30N. The correlation
this study using cloud data derived from the ISCCP-D2 alongcoefficient values gradually drop down to 0.41 towards the
with surface and atmospheric data from reanalysis projectsmiddie latitudes, and to no significant values in polar areas.
we compute a decreasing trend in OSR at TOA, which is inNote that, as it has been already mentioned, the EbNient
good agreement with the trend found in ERBE S-10N cor-of 1997/1998 is clearly indicated in the zon&-@® S, in
rected records. both OSR andi. anomalies. Actually, the zonal mean OSR
In order to investigate the covariability of the anomalies anomalies reach values up to about 10 Wrirom January
of OSR at TOA and cloudiness at global scale, the 17-yeathrough March of 1998 in zon€81(0° S. These large anoma-
(1984-2000) time series of monthly mear® bnally av- lies, are related to the westward extension of the convection
eraged model-based OSR flux and ISCCPA)2anomalies  across the tropical Pacific and over the South Pacific con-
were constructed and are plotted in Figs. 5 and 6. For eachergence zone, i.e. over areas characterised by positive OSR
10° latitude zone, linear regression fits are also plotted foranomalies as large as 100 W According to our analysis
both OSR andi,. anomalies. There is an apparent correlationusing ISCCP data, the decreasing trend in total cloudiness
between the long-term model-based OSR Apcdinomalies, in areas between 3&-30 N is primarily attributed to low-
especially in low and middle latitudes. Besides, there arelevel clouds and much less to mid- and high-level clouds,
significant decreasing trends in both OSR atdanoma-  except for a few cases, such as 33-30 S and 30 S-40 S,
lies in the latitudes between 58 and 60 N, especially be-  where the high-level clouds show a stronger decreasing trend
tween 30 S-30 N. We have computed the correlation coef- than low- or mid-level ones.
ficients of the scatterplot comparison between the pixel-level We have attempted to determine which of the main clima-
monthly mean model-based TOA OSR flux anomalies andtological parameters (described in Sect. 2) that determine the
total A. anomalies for each 20atitude zone, over the period OSR at TOA, contribute significantly to the observed mean
1984-2000. Table 1 summarises the correlation coefficientsropical OSR trend (as computed by our model) for the period
for each 10 zone between 306-30 N, although compu- 1984-2000. The methodology is the following: the anomaly
tations have been also performed for the rest of the globetime series of each input parameter were constructed for the
Nevertheless, values are not given for latitudes poleward operiod 1984-2000 and for the region°3®-30 N, in exactly
30° N and S since, according to our analysis, the OSR and tothe same way as for the OSR and total cloud cover anomaly
tal A, anomalies are mostly correlated in the zones betweernime series. Then, the existence of any long-term trend was
30° S and 30N, with correlation coefficients ranging from quantified by applying a simple linear regression analysis,
0.76 to 0.81. The strongest correlation is found in the trop-and whenever a statistically significant long-term trend was

3 —-1.3£0.2 0.1%
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Fig. 5. Time series of 10 latitude zonal averages of the anomalies of top of atmosphere (TOA) outgoing shortwave radiation (OSR) flux (in
Wm™2, blue lines) and total cloud cover (%, green lines) for the North Hemisphere, over the period 1984—2000. Linear regression fits to the
OSR andA. anomalies are also displayed.

found for a parameter, this was introduced for the particularpermost opaque clouds (with vertical optical depth greater
parameter in the model. To assess the statistical significancihan 0.025 at 1.02m), while the aforementioned synoptic
of long-term terms, the Mann-Kendall test was applied to thecloud observations are taken over oceans only. The mid-
anomaly time-series. The OSR at TOA for each year of thelevel clouds decreased by 18.2% in absolute values or by
study period (1984—-2000), and the induced overall changé.6+0.8% per decade in relative terms, while the high-level
in OSR (in WnT2) was computed. Table 2 summarises ones also decreased by £@.4% or 3:0.9% per decade in
the results of this analysis. All cloud types show a linearly relative terms, i.e. less than low and middle clouds. Thus,
decreasing trend over the study period, with the low-levelthe VIS/IR mean tropical (305—30 N) low-level clouds are
clouds having the largest trend, equaH8.9+:0.3% in ab-  found to have undergone the greatest decrease during the pe-
solute values or-9.9+0.8% per decade in relative terms. Of riod 1984—2000, in agreement with the findings of Chen et
course, there are still some uncertainties, since the changesd. (2002) and Lin et al. (2004). As for the other parame-
in low-level clouds derived from the ISCCP-D2 data, are notters, the cloud absorption optical depth for low and middle
necessarily consistent with changes derived from the secelouds has increased by 8% and 3.%1.1% per decade,
ond Stratospheric Aerosols and Gas Experiment (SAGE Il respectively, whereas that of high-level clouds decreased by
Wang et al., 2002) and synoptic observations (Norris, 1999)5+1.4% per decade. The corresponding values for the cloud
Nevertheless, note that SAGE Il tropical clouds refer to up-scattering optical depth are equal t:@.9%, 4.9-0.8% and
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Fig. 6. As in Fig. 5, but for the South Hemisphere.

—0.3£1.9% per decade for the low-, mid- and high-level Hatzianastassiou et al. (2004a); the latter is due to the op-
clouds, respectively (the high-level clouds have no signifi-tically thicker low-level than higher clouds, especially over
cant trend because of large error). Finally, total precipitablesouthern subtropical oceans. Although the computed de-
water and total ozone column abundance show small decreasrease in mid-level clouds is greater than that of high-level
ing decadal trends although reduced precipitable water irclouds, the corresponding decrease in OSR induced by the
NCEP was shown to be spurious compared with Special Senmiddle clouds is almost equal to the OSR decrease intro-
sor Microwave/lImager (SSM/I) data (e.g. Allan et al., 2004). duced by high-level clouds. This can be explained by the
fact that OSR is more sensitive to high-level than to mid-
According to Table 2, the decrease in low-level cloud dle clouds (Hatzianastassiou et al., 2004a). Among the other
amount results in a significant decrease in OSR at TOA ofparameters, only the cloud scattering optical depth of low-
3.1Wn12, whereas the decreases in mid- and high-leveland mid-level clouds introduces significant increases in the
cloud cover have induced smaller decreases in OSR, equ@SR at TOA, equal to 0.9 and 0.62 W) respectively. The
to 1.2 and 1.0Wm?, respectively. This is normal since contribution of the rest of the parameters to the overall OSR
(i) the decrease in low-level. is larger than that for mid-  trend is minor. Therefore, the observed trend in the tropi-
and high-levelA, (as shown in Table 2), and (ii) the OSR cal mean OSR at TOA (as computed by our model) over the

is more sensitive to low clouds rather than to mid- or high- period 1984-2000, is mostly explained by changes in cloud
level clouds, as shown by a sensitivity study performed by
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amount, and especially those of low-level clouds, rather tharagreement between the model computed trend in OSR and
any change in other cloud properties or other physical inputhat derived from ESRB data. Finally we note that the OSR
parameter. More specifically, the OSR radiative forcing duetrend of 1.9:0.3 Wn12/decade as computed by our model,
to low-level clouds represents about 78% of the total OSRis balanced by the OLR trend of 19.2 Wn1?/decade com-
forcing induced by all parameters. Nevertheless, it should bguted by Hatzidimitriou et al. (2004) using a corresponding
pointed out that there are still issues as to the reliability ofdeterministic LW radiative transfer model, resulting thus in
ISCCP cloud trends. For example, although the most seriouan absence of any decadal trend in the net (all-wave) radia-
calibration changes, which represented an important problention budget at TOA during the study period.

(Klein and Hartman, 1993; Rossow and Cairns, 1995), have

been adjusted for in the last ISCCP-D series data, there arécknowledgementsThis research was funded by the Euro-
still uncertainties related with the dependence of trends inpean Commission (contract: EVK2-CT-2000-00055) under the
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