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Abstract

We investigate the impacts of an improved atmospheric alisoron radiative
fluxes, atmospheric circulation and hydrological cyclelémg-term GCM integra-
tions. For these runs we use the operational version of tHREECPAGCM and its
enhanced version with a new solar radiation scheme. Thexre 8% increase in
the annual mean global average atmospheric absorptioreierthanced integra-
tion as compared with the operational model integratione &ktra absorption is
due to gases (0.5%), water vapor continuum (1.5%) and baakgraerosols (6%),
which were not considered in the operational solar radiaticheme. In clear-sky
conditions the enhanced model atmospheric absorptioraigrieement with obser-
vations to within=3 W/n¥, while in all-sky conditions the remaining errors are
related to unaccounted cloud absorption. There is a gemenath up of the at-
mosphere in the enhanced model with temperatures incgeagiio ~3K in the
troposphere and’5-8K in the stratosphere, bringing the model closer to ezies
values. The intensity of the tropospheric jets is reduced-+8%o, while that of the
polar night stratospheric jet are increased by 5-10%, riedube model systematic
error. The reduced availability of latent energy for theusatted convective pro-
cesses weakens the meridional circulation and slows dogvhyttirological cycle.
The model overestimation of DJF precipitation over the SRGd SACZ regions
is reduced by 0.5-1.0 mm dayand over the northern hemisphere storm tracks re-
gion by 0.5 mmday'. In the monthly time scale, the changes on the precipitation

distribution over the SACZ region are found to be much larg&—3mmday!.
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1. Introduction

General circulation models are used in climate simulattorstudy climate variability, cli-
mate change, and for seasonal forecasting. For all thedieapms, it is crucial that a model
simulates well the observed climate and its variabilitytHis sense, results of long-term inte-
grations are used to show the ability of different modelspresenting observed characteristic
features of the atmospheric circulation and precipitaiduarrell et al. 1998; Gates et al. 1999;
Johns et al. 1997; Pope et al. 2000). These are importanbtadera model climatology and
to perform model validation, giving confidence for its appbility. Long-term integrations are
also used for comparing different climate models (Atmosiatidodel Intercomparison Project,
AMIP: Gates 1992; Gates et al. 1999). The comparison of GGidw/s that they overestimate
by 20-42 W/ni the global net surface insolation when compared with gramedsurements
(Wild et al. 1995; Wild and Ohmura 1999; Wild 2005) and sateltlerived surface solar ra-
diative fluxes (Cess et al. 1995; Li et al. 1999; Cusack et @81 Tarasova and Cavalcanti
2002).

If the systematic errors in the global net surface insotefiiom GCMs are reduced or elim-
inated, the effects on atmospheric and oceanic circulatawa substantial (Kiehl 1994). For
instance, an additional shortwave absorption in the ted@itmosphere by 25 Whincreases
the meridional transport of moist static energy by apprataty 50% (Kiehl 1994). Moreover,
as the terms for insolation and latent heat flux dominate &a balance of the tropical oceans
(Monin 1986), the latent heat flux has to decrease by roudpieysadme as the surface insolation
to maintain the energy balance. This corresponding reslucf evaporation significantly af-
fects the state of the tropical troposphere (Kiehl et al5)9&ducing the convectively available

potential energy and decelerating the Walker circulatioeh laydrological cycle (Collins 2006).
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However, there is not an agreement about the magnitude chtreges in the temperature and
wind fields, nor in the hydrological cycle.

In the early 90's, Hart et al. (1990) used the Australian Buref Meteorology Research
Centre (BMRC) spectral model to demonstrate the impact ahghs in physical parameteri-
zations on perpetual January and July integrations. Thaydofor the runs with an enhanced
radiation scheme, that winter stratosphere temperatuidotas was reduced from -30K to less
than -20K. Moreover, there was a significant improvementéintensity of the polar night jet,
that showed a clear separation from the tropospheric jetveder, Hart et al. (1990) noticed
that a good description of the upper troposphere and spia¢oe zonal wind and temperatures
depend not only on the radiative processes but also on thpeasteeshallow convection, vertical
diffusion and horizontal resolution.

Morcrette (1990) evaluated the impact of improvementsar#diation and in-cloud proper-
ties upon the climate of the ECMWF model. Differently fronmet GCMs, the ECMWF model
used to overestimate the atmospheric absorption of sadgatian by 15-20% and underesti-
mate the longwave cooling by 10-15%. By replacing the razhascheme, Morcrette found
that the bias of atmospheric absorption of solar radiateziuced to less than +5% while the
meridional circulation and hydrological cycle, i.e. botlegpitation and evaporation, became
15% stronger.

More recent studies investigated the response of GCMs tdesnu@dates in the radiation
schemes and hence found weaker response of the hydrolagidal For instance, to study
the climatic effects of an improved atmospheric absorptiommann and Bennartz (2002) inte-
grated ECHAM4 with two water vapor broad band absorptiorcfiems, based on the HITRAN-

92 and HITRAN-2K (Rothman et al. 2003) molecular absorptiatabases. They found that the
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global-mean atmospheric shortwave absorption increas8®b-3.7 W/n while the surface in-
solation decreased by 2.1-2.5 WinAs a consequence of the increased atmospheric stability
and the reduction in surface fluxes, the hydrological cyeleréased slightly in strength, with a
reduction in the global precipitation of 0.07 mm day

Collins et al. (2006) did a similar study using the Commu#itynospheric Model (CAM).
The original water vapor broad band absorption functiongdeb 1992), based on the 1982
AFGL molecular absorption database of Rothman et al. (19889 updated to a function based
on the HITRAN-2K database (Rothman et al. 2003). The absorfty the water vapor con-
tinuum (Clough et al. 2005) was also included. They found the atmospheric absorption
increased by 3.4 W/tnwhile the surface insolation decreased by 2.8 W/rMoreover, the
change in the surface insolation was balanced primarilydggaction of the latent heat and the
hydrological cycle was weakened by 2% (global precipitafals by 0.05 mm day').

Other studies have changed the atmospheric absorptioe icldhdy atmosphere only, try-
ing to model the enhanced shortwave absorption observelbuldy conditions. Kiehl et al.
(1995) modified the NCAR Community Climate Model (CCM2) teliease the cloud absorp-
tion through ad-hoc changes in the single-scattering alloédloud particles. They found that
the extra absorption stabilized the tropical convectiveasphere and caused a 3—4K warming
of the upper tropical troposphere. The increased stalvéityiced the convective activity and
resulted in a weaker Walker circulation.

In a similar study, Collins (2006) modified the absorptiofeef of clouds by empirically
changing the vertical profiles of heating rates in the NCARn@te System Model (CSM). He
found that the upper tropical troposphere temperatureeasad as much as 5K near 100hPa,

due to the increase of the all-sky heating rates by as mucK/asy at the same altitude. As a
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consequence of the new vertical profile of temperature, litnedocover decreased by 10-15%
at high levels and increased by 5-15% at middle and low lev&dhe same time, the latent
heat flux over the tropical western Pacific reduced by as ms@®at0 W/ni.

The CPTEC AGCM is used for weather and climate forecast aBtiazilian Center for
Weather Forecast and Climate Studies (CPTEC). It is a newdblBulerian Spectral model
(see section 2) based on the CPTEC/COLA (Center for Ocead-Bamosphere Studies) GCM
described by Cavalcanti et al. (2002). To improve the moddhse flux representation the k-
distribution formulation for water vapor solar absorptiohDavies (1982) was replaced by
Ramaswamy and Freidenreich (1992). Chagas et al. (2004§ifsome minor improvements
in the surface fluxes, with a reduction in the bias of the lfisurface flux from +20 W m? to
+16 W n1 2 (yearly averages for one 20 year integration).

In order to further improve the atmospheric absorption dérscadiation by gases and
aerosols, a sophisticated shortwave radiation schemdogpeeby Chou and Suarez (1999)
and modified by Tarasova and Fomin (2000), referenced Iat@LERAD-SW-M, was imple-
mented by Tarasova et al. (2006) the CPTEC/COLA model. Tt¢heme considers the fine
effects of gaseous absorption and particle scatteringhwére not considered in previous ver-
sions of the CPTEC/COLA model. The modified cdde RAD-SWV-M also takes into account
the water vapor continuum absorption model proposed bydPi@t al. (1989). Tarasova et al.
(2006) did an initial validation of the new scheme outside fitamework of the global model
and showed that the differences betw&tnRAD-SAV-M and line-by-line (LBL) reference re-
sults of Fomin and Gershanov (1996) were of the order of 1-@3¥ér clear-sky, and 6 W/
for cloudy atmospheres. They also integrated the globalainiod the DJF 2002/3 and found

that the surface fluxes were significantly improved over Bdunerica. In particular, the ex-
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cessive solar radiation biases at the surface were redooed30-80 W/m to 10-30 W/m.
As compared with GPCP data (GPCP v2: Adler et al. 2003) theatrgichulated magnitude of
precipitation was improved over equatorial Atlantic Ocead Southeastern Brazil.

This paper reports the improvements achieved with the newtwshve radiation scheme on
the radiation balance, the atmospheric circulation anddigdical cycle of the new CPTEC
AGCM. The impacts on the hydrological cycle are studied aliferent time scales and the
sources of the differences between the new model and obiesrvare investigated. For evalu-
ating the model’s sensitivity to each of the changes in tharsadiation absorption, we intro-
duce the changes one-by-one and compare the model resthitsaiellite derived observations
and NCEP Reanalysis. Our results are particularly reletatite ongoing investigation on the
global climate response due to changes in the shortwaveglusoof the atmosphere, either to
correct model biases or to simulate future loadings of a¢i@sd green house gases.

This paper is divided as follows: section 2 gives a brief dpion of the CPTEC model and
the new shortwave radiation scheme. The experiment destydata used for model validation
are given in section 3. Section 4 is devoted to the compa$éahe model climatology and
observations, while section 5 presents the discussionclGsions and future perspectives are

presented in section 6.

2. Short description of the CPTEC AGCM

The CPTEC AGCM is a Global Eulerian Spectral model which sgokon the CPTEC/COLA
model (Cavalcanti et al. 2002). This new model is operatismze 2004. An overview of the

global climate simulated with the CPTEC/COLA model is ginmnCavalcanti et al. (2002).
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They have shown that the model simulates reasonably weththie features of global climate,
as well as the seasonal variability of the main atmosphari@iles. The most important differ-
ence between the original CPTEC/COLA model and the cuy@pérational CPTEC model is
a change in the water vapor solar radiation absorption (&hagal. 2004). Other modifications
are related to its computer efficiency and do not change trdehatimatological features.

The model physical processes include the vegetation mdsiniple Surface Biosphere
Model (Xue et al. 1991, SSIB: ); second-order closure twebulertical diffusion following
Mellor and Yamada (1982); shallow cumulus effects follogvifiedtke (1984); Kuo (1974),
Anthes (1977) deep cumulus convection scheme; large soadgpation produced from re-
moval of supersaturation; longwave radiation following thork of Harshvardhan and Corsetti
(1984), including the scheme of Harshvardhan et al. (198ifdude the diurnal cycle; and the

cloud-radiation interaction of Slingo (1987) and Hou (1290

a. The Operational SW Scheme

The operational shortwave scheme follows the parametemnnzeof Lacis and Hansen (1974)
with the eleven-exponential-term k-distribution formiida of Ramaswamy and Freidenreich
(1992) which replaced the k-distribution formulation ofvides (1982) originally used in the
CPTEC/COLA model. This replacement improved the heatitgypeofiles (Plana-Fattori et al.
1997) and the surface fluxes (Chagas et al. 2004). Nonethdles scheme only takes into
account the absorption lines of8land Q, Rayleigh scattering and cloud reflection, neglecting
atmospheric extinction due to,(C0O,, aerosols and water vapor continuum. The solar radiation
absorption by water vapor is computed with the broadbandraben function of Yamamoto

(1962) which underestimates the water vapor absorptiomwbepared with the HITRAN-96
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spectroscopic database of Rothman et al. (1998).

b. The New SW Scheme

The new shortwave schen@IRAD-SA-M is a modified version of the parameterization
of Chou and Suarez (1999). The code was modified by Tarasav@min (2000) to take into
account the water vapor continuum absorption model prapbgeClough et al. (1989). This
was done by changing the water vapor k-distribution fumsim the near-infrared bands. The
magnitude of the continuum absorption is about 6% of the matgor line absorption. The new
scheme includes the absorption due to major and minor ai@oipands of HO, O;, O, and
CO,. The magnitude of the absorption in the minor bands is siailthe total effect is large,
about 10% of the column atmospheric heating. Absorptioesliof gases and absorption and
scattering properties of aerosols and cloud particlesadentfrom the HITRAN-96 molecular
absorption database (Rothman et al. 1998). The code hasBadrands in the ultraviolet and
visible regions of the solar spectrum and 3 bands in the mé@red region. The solar radiative
transfer is calculated with the delta-Eddington and twesasth adding approximations.

Aerosol optical properties are specified as inputs to therseh As the CPTEC AGCM
lacks prognostic aerosol amounts and size distributioesimvoduced a basic climatology of
background aerosols. At each grid point we chose from twosm¢toadings, namely continen-
tal and oceanic. The continental aerosol has a column émtgeh of 0.22, homogeneously
distributed in the first 2 km of the atmosphere, and is chosen all land points except those
with permanent ice. The value of 0.22 is derived from recatdlite measurements taken over
the continents (Yu et al. 2006). It describes average aHaesiting over the continents far from

strong sources of aerosol emission such as biomass buimgdarly, the oceanic aerosol has a
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column optical depth of 0.14 (Yu et al. 2006) and is chosem ogean and sea ice. The spectral
variations of aerosol optical parameters follow the camial and oceanic aerosol types from
(World Meteorological Organization 1986). This presddpthas rough spatial and temporal
resolutions, but allows for first-order effects of aerogolbe considered.

Tarasova et al. (2006) did an offline validation of the newesol using as reference a
state-of-art LBL method. They showed that the accuracy efGhIRAD-SW-M scheme is
superior to the previous schemes for both incident solaatiath and atmospheric absorption.
For clear sky atmosphereSLIRAD-SA-M corrected completely the systematic error for the
midlatitude summer standard atmosphere and reduced ietortter of 1 to 2 Wm? for the
tropical atmosphere in clear-sky conditions. It was alsashthat for cloudy atmospheres the

systematic differences from the LBL results were reducegitm8 W nr2,

3. Model Experiment and Data used for Validation

Global climatology is simulated integrating the model f@ryiears, from January 1985 to
December 1994. To gain greater sample diversity and statistgnificance, an ensemble mode
is used in which integrations start from 4 different daydween 13 and 16 November 1984.
To investigate the model sensitivity to the changes in theten, three sets of model integra-
tions with the new shortwave scheme (hereafter NEW model¢ warried out. In the first set
of integrations, the NEW model is used including all feasuoé the sw scheme described in
the section 2b, i.e., background aerosols scattering asaration and water vapor continuum
absorption (hereafter NEW model results). In the secondhgebackground aerosols effect

was removed (hereafter N-A results). In the third set bothabarosols and the water vapor
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continuum effects were removed (hereafter N-WA results3efof model integrations with the
operational shortwave scheme (hereafter OPE model rgmulised as a control.

The model resolution used for these climatic simulation§62 L28, corresponding to a
triangular truncation of 62 waves in the horizontal and 2&lg in the vertical sigma coordi-
nate, with time steps of 20 minutes. The initial conditions fiom the 12Z daily analysis of
the National Centers for Environmental Prediction/NagioGenter for Atmospheric Research
(NCEP-NCAR). A monthly climatology of soil moisture and tparature are interpolated to the
initial condition time and adjusted during integration iy1B. Albedo is predicted by SSIB over
the land and is a function of solar zenith angle over the ac&&mthly observed sea surface
temperature (SST) from NOAA optimum interpolation (OI\&@$T dataset (Reynolds et al.
2002) is used as boundary conditions. Climatological aerostical properties were specified
as inputs to the scheme, as described in the previous section

To validate the new radiation scheme, the data from the NASXNMClimate Research
Programme/Global Energy and Water-Cycle Experiment (WIGERVEX) Surface Radiation
Budget (SRB) Projeétwere used as the reference. The dataset used is the Reldasetily
shortwave radiative fields generated with the Pinker/laashlortwave algorithm (Pinker and
Laszlo 1992), available from July 1983 to October 1995. @uabntrol is accomplished by
comparisons with a number of sites of the Baseline Surfackaan Network (BSRN) over a
period of four years (1992-1995). Mean bias is found to be/@®~2 (estimate - observation),
and the random error about22.0 W n12. For analyzing the cloud radiative forcing, SRB
longwave data are also used. The corresponding datasetiethase 2.5 of monthly longwave
radiative fields derived with the GEWEX LW algorithm (Fu et 4697). Comparisons with

BSRN found the mean bias to be about -2.0 Wrtestimate - observation), and the random

http://eosweb.larc.nasa.gov/PRODOCS/srb/takiehtm|

10
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error about+13.3 W nT2. The NCEP-NCAR reanalysis (hereafter NCEP-R: Kistler et al
2001; Kalnay et al. 1996) is used as reference for compahi@agnodel-simulated wind fields,
temperature and humidity. For evaluation of the impact efribew solar radiation scheme on
global precipitation, the data from the Global PrecipgatiClimatology Project (GPCP v2:
Adler et al. 2003) established by the World Climate ReseBrogram (WCRP), available from

1979 to present time were used.

4. Results

a. Global Energy Balance

The annual mean (1985-1994) global average solar radiabsorbed at top of the atmo-
sphere (TOA), at the surface (SFC) and by the atmosphere JAFr&shown in Table 1. The
OPE and NEW model results appear in the first and fourth cotumne results from the N-WA
runs (without aerosols and water vapor continuum) and fitoenN-A runs (without aerosols)
are shown in the second and third columns, respectivelyh Edlumn shows satellite-derived
observations from the SRB datasets. The sixth column shoevsnean and standard deviation
from all models patrticipating in AMIP (Wild 2005; Wild et &006).

As compared with the operational model integration, theogheric absorption increases
by 5 W/nt while the absorption at the surface decreases by 8AAfinthe new model inte-
gration. The net effect is a reduction of 3 W/iim the net shortwave absorbed by the Earth,
bringing the model’s result in agreement with observatidiee largest change in atmospheric
absorption (4 W/rf) is between N-A and NEW, showing that accounting for scaitteand ab-

sorption of background aerosols is more important than fatevwapor continuum absorption

11
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or the gaseous absorption. However, the clear-sky abearpéilues over ocean and land (see
Table 2) indicate that the difference between the modelltseand satellite-derived estimates
are probably related to the simple aerosol climatology usebe study. The aerosol loading

seems to be overestimated over oceans and underestimatdd .

Disregarding the effects of clouds, N-WA, N-A and NEW atmus@s absorb 2 W/t
6 W/m? and 10 W/m more than the OPE model atmosphere. At the same time, thaticadi
absorbed at the surface is lower by -4 W/r¥ W/t and -17 W/, respectively. The differ-
ences between the clear-sky and all-sky results show anestaeation of clouds’ contribution
to atmospheric absorption. In fact, the model has less ggth®yg absorption in cloudy-sky
than in clear-sky conditions, while the satellite derivesuits show the opposite effect. Results
shown in Table 2 demonstrate that this happens over oceataaddand for both OPE and
NEW models. Over the oceans, there is a +4 Whias in clear-sky atmospheric absorption
and a -5 W/m bias in cloudy-sky absorption. Over land, the bias in ckgrand cloudy-sky
are -3 W/n? and -8 W/ni respectively.

However, despite the model’s deficiencies in the cloud patarization, the changes in the
shortwave scheme improve the average shortwave cloudtivedfarcing (CRF). Moreover,
Tables 1 and 2 clearly show that the NEW model fluxes are marerate than OPE model
fluxes, for both clear-sky and all-sky conditions. This i da the use of updated water vapor
absorption parameterization and the inclusion of absamgdily weak water vapor lines, water

vapor continuum@,, CO,, and aerosols.

12
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b. Heating and Temperature

Fig. 1 shows the zonal mean atmospheric absorption for thie, GPNVA, N-A and NEW
model results as well as the satellite-derived observatidhe differences between the model
results and observations are more pronounced in the sunmen@sphere. From the clear-sky
results shown in Figs. 1a and 1b, one can see that the maicirogaes from considering the
scattering and absorption of background aerosols, pétlgusouth of 60S during DJF and
between 5-45N\ during JJA. The absorption due to the water vapor continisuthe second
most important contribution, mainly over the equatoriedpical and subtropical regions. The
changes in the gaseous absorption is the least importadot &aw its impact increases poleward
of the summer hemisphere.

The all-sky atmospheric absorption is presented in Figsanttld. Once can see that the
model does not accurately accounts for the clouds’ effestatmospheric absorption in the
equatorial and summer tropical regions. Yet, the modelt®are substantially improved in the
integration with the NEW model. The only exception is theisagaround 60. Moreover, the
agreement between the model results and observationsgrolef13 of the winter hemisphere
is within 1-2 W n12 in this case.

Fig. 2 shows the impact of the extra atmospheric absorptighe vertical heating of the
atmosphere. Note that below 750hPa there is a systemat&ase in the heating rates. The
difference between the NEW and OPE models grows northwaéd&. It is 0-15% between
60-40S, 15-30% between 48-20N and 30-60% between north of 20. The high values of
the heating rate difference from the surface to 750 hPa &tecketo solar radiation absorption
by the background aerosols located in the near-surface (age solar radiation scheme). The

systematic increase of this difference northwards is dubedarge impact of the absorption

13
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by the continental aerosols included over the land pointhéenNEW model. Note, that the
oceanic aerosol type included over the ocean points is ctegized by weak absorption of solar
radiation. There is also a general increase of heating edtege 300hPa, which is related to
the 10-40% increase of specific humidity in this region (fegnot shown) and to an enhanced
ozone absorption in the NEW Model (which is based on HITRAN98owever, the largest
increase is found over Antarctica and some cooling is foartde middle troposphere, between
300-600hPa.

The differences between model and NCEP-R temperatureavensn Figs. 3a and 3b.
The OPE model shows a cooling bias all year round in the tyopae south of 406 and in
the upper troposphere north of’40 However, Figs. 3c and 3d show a general warming of the
atmosphere with the NEW model with the highest temperatwreeases in the summer polar
troposphere (up to 3 K warmer around 200 hPa) and in the sph&se (up to 5 K warmer). A
temperature decrease by less than 1K is observed in sonoasagp to 300hPa. This happens
over the tropics and near the North Pole during DJF, and radrd#®’S during JJA. Thus, the
CLIRAD-SW-M scheme helped to decrease the OPE model temperature bitteerfFoore, the
higher temperature in the upper troposphere increaseiis stability and will certainly lead

to changes in the atmospheric circulation.

c. Atmospheric Circulation

Figs. 4a and 4b show the zonal mean of the zonal wind for the NieWiel. General
characteristics such as the upper-level subtropical jetdr@pical easterly winds are well cap-
tured. However, as noticed by Cavalcanti et al. (2002) (sg& Fherein), the jet intensity in

the CPTEC/COLA model is too high. Figs. 4c and 4d show theskfices between the NEW

14
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and OPE model mean zonal winds. Both northern and southenispkere jets are weakened,
more significantly during DJF. This weakening comes fromil@@ming produced near the
poles, shown in Fig. 3, and the consequent reduction of thdiaeal temperature gradient
(Souza et al. 1997). During DJF, tropical easterlies arekersad, reducing model bias, due to
the cooling in the middle troposphere equatorial regiooyshin Fig. 3.

The zonal mean vertical circulation is shown in Fig. 5. DgribJF, the upward branch
of the Hadley cell is located at approximately’$5and BN, as in the NCEP reanalysis, but
the intensity is overestimated below 600hPa. These l&gwdrrespond to the more convec-
tive areas during this time of the year, such as the Indiara@ceorthern part of the South
Pacific Convergence Zone (SPCZ), the north-west part of dlrSAtlantic Convergence Zone
(SACZ) and the Intertropical Convergence Zones (ITCZ), eitbe KUO convection scheme
is known to produce excessive precipitation. During DJE, Ferrel cells are stronger in the
model than in the reanalysis, mainly in the southern heneispDuring JJA, the ascent branch
of the Hadley cell is positioned around’N) slightly more intense than the reanalysis, but the
subsidence branch is well described.

The NEW model has a weaker meridional circulation, but thimore evident in the Hadley
cell and in the southern polar cell, both during DJF and Jdmé&weakening is also found in
the Ferrel cell in the Southern Hemisphere. The reducticih@imeridional flow intensity is
due to the increase of the atmospheric stability observ&tyn3, and allows for a reduction in
the moist convective forcing. These changes related toxtra atmospheric absorption of the

NEW model helped bringing the model closer to observations.

15
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d. Surface Fluxes

The biases in clear-sky solar radiation surface fluxes sitedlby the NEW and OPE models
are shown in Fig. 6, as differences between model resultS&Riestimates. The biases over
continents are substantially reduced from 40-60 W it®o 10-20 W m?2. Over the oceans,
however, the biases change from +12 WAto -7 W m 2 (see also Table 1). This indicates that
climatological value of aerosol loading considered overdhean (continent) is too high (low)
when compared with the values used for deriving the SRB -dkafluxes.

Fig. 7a shows the difference between the NEW model and ohisens in the all-sky flux
at the surface. Comparisons with the results from the OPEeiModt shown) show that the
bias is reduced, while the spatial distribution of the défeces remain the same. There is a high
spatial correlation between these differences and therdiites in cloud cover fraction, as can
be seen comparing Figs. 7a and 7b. Notice, for instancegtherr of the Atlantic Ocean close
to the eastern coast of Brazil, the SPCZ region, or the sautiemisphere midlatitudes.

The difference between the OPE model and NCEP-R sensibtdltges at the surface is
shown in Fig. 8a. Notice that the largest biases are seencowtinental regions, particularly,
over South and North America. Fig. 8b shows that the NEW moe@lices the bias and
produces a general decrease of the sensible heat trandifier @rface and therefore is likely
to decrease boundary layer turbulence. The reduction beesteans, which have a prescribed
surface temperature, must come from the less intense log¥ térculation alone (see Figs.
4a and 4c). The reduction over the continental regions, tiexstems also from the large
reduction of the solar radiation incident at the surface.

Fig. 9a shows the difference in the latent heat flux at theasarbetween the OPE model

and NCEP-R. The largest differences are found where deef@cton develops. For instance,
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over the SPCZ, the Atlantic ITCZ and the NH storm tracks tH&edince reaches 80 WTh.
Fig. 9b shows that there is a decrease of the latent heat factigover these regions, except
for the Atlantic ITCZ and South America. However, the spaliatribution of the differences

was not changed with the new model (figure not shown).

e. Cloud Radiative Forcing

It is important to notice that errors in cloud optical deptideor cloud top-altitudes can
also contribute to the errors in the all-sky flux at the swefato further investigate this issue,
we analyzed the cloud radiative forcing (CRF) in the same asmynade by Potter and Cess
(2004). The SW and LW cloud radiative forcing (Ramanathaal.et989; Harrison et al. 1990)
are defined as the difference between the clear-sky anéyatitggoing fluxes at the top of the

atmosphere:

SWCRF = SWEN,—SWF}4 1)

LWCRF = LWENH,— LWFo4 2)

Then the net cloud radiative forcing (netCRF) is givembyC REF' = SWCRF+LWCRF
and for regions where there is a balance between SWCRF andREMEtC'RF ~ 0 and the
ratioN = —SWCRF/LWCRF ~ 1. In Fig. 10a we show the observed netCRF. The differ-
ence between the NEW model and SRB netCRF is shown in Fig. Tiidxe is no significant
improvement from the OPE model results (analysis not showhis was expected since both
versions of the CPTEC AGCM use the same longwave, cloud amgection parameterizations
(see section 2).

For a detailed analysis of the radiative forcing, the regimarked in Fig. 10b was chosen,
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where the model shows a reasonable agreement with the eldseetCRF. This region in the
tropical western Pacific (20l to 5°S and 117.% to 170E) is dominated by deep convection
and therefore netCRFO and Nv1 (Potter and Cess 2004). Fig. 11 presents a scatter plot of
N x netCRF for the average SRB netCRF shown in Fig. 10 and thelations with the NEW
model. Each point on the plot corresponds to a grid box withenselected region. Because
this plot is based on the average DJF distributions of SW aNccloud radiative forcing, the
points represent time averages of cloud systems and nafispdaud systems.

In this region, the NEW model produces overly bright clousfsréad in the upper left cor-
ner) and little thin cirrus (lower right). The area averagsults in a negative netCRF bias of
-11 Wm 2. The failure to simulate the observed CRF at TOA and all-digrtsvave at the
surface is a consequence of errors in the vertical and $jpiggiaibutions of cloud cover and
cloud optical depth. Moreover, these errors are intrinlsicalated to the model deficiencies
in the convection parameterization because tropical agevee depends on the energy fluxes
into the atmospheric column (Neelin and Held 1987). Fig.H@xs a scatter plot of convective
precipitation versus SWCRF over the deep convective ragiorthe tropical oceans (annual
mean SSF27°C and 20S-20N). Observed and model-simulated SWCRF decrease roughly
linearly with increasing precipitation, but data seem tmfiset. A closer look reveals that the
model fails to produce low convective rainfat2 mmday!) and overestimates high convec-
tive rainfall (>10 mmday!). In fact, since SWCRF is overestimated and LWCRF agreek wel
with observations (not shown) the netCRF (which should aoy with precipitation) decreases
with increasing precipitation by 7 Wm/mmday!. This means the model is holding less

radiative energy as convection increases.
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f. Precipitation

As mentioned by Cavalcanti et al. (2002), the model overesges the precipitation over
parts of South America, South Pacific and Intertropical @ogence Zones. However, with the
improvement in the shortwave radiation scheme some of ttesyatic errors were diminished.
Fig. 13 shows, for each model run, the difference in the dlotean precipitation to the OPE
model ensemble mean. Notice that the average reductioreaipiation is statistically signif-
icant, even though the absolute value of 0.08 mnTdd8%) is small when compared to the
total precipitation.

These changes in precipitation have a large spatial vaniggnd most of the reduction
is found over the oceans, as shown in Fig. 14. Comparing vaghrésults of Cavalcanti
et al. (2002), we see that the new radiation scheme helpestitace the model bias over the
SPCZ region by 0.5-1.0 mmdayand over the northern hemisphere storm tracks region, by
0.5 mmday!. Over South America, there was a reduction of 0.5-1 mnttia§ the model
systematic error over some regions. However, these figueesmaoothed by the 10-yr time
average. The changes in precipitation during each indalitdF period are larger by a factor
~5 approximately, as shown in Fig. 15. Over the SACZ region,rstance, differences of

+2-3 mmday' (15-25%) are found every year.

5. Discussion

As compared with the OPE model results, the N-WA, N-A and NEWdel show an in-
crease in atmospheric absorption (Table 1) of 0.1%, 1.5%a83% for all-sky conditions, and

1.5%, 7.9% and 14% for clear-sky conditions, respectivélyese values show that the most
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important changes introduced with the NEW model are relfatsicto the scattering and absorp-
tion by climatological aerosols and second to the absangdiiowater vapor continuum. The
satellite-derived data used as reference, when compagrduad truth, has a mean bias about
0.9 W n12 and a random error abott22.0 W n12. This means that the remaining +2Wn
bias in the clear-sky atmospheric absorption with the NEWdehas within the precision of
SRB satellite estimates. We should notice that the currersion of CLIRAD-SWV-M is based
on the HITRAN-96 molecular absorption database and useSk®-2.1 version of the water
vapor continuum of Clough et al. (1989). The impact of deferspectroscopic databases and
versions of water vapor continuum on the calculated sothatize fluxes is discussed by Fomin
et al. (2004). A flux difference of 1-3 Wi is found due to the change of the HITRAN-96
database with the CKD-2.1 continuum to the HITRAN-2001 base with the CKD-2.4 contin-
uum in the line-by-line calculations. This flux differencéieh is mainly related to the change
of the continuum version can affect the model results. MeeedFig. 6 shows a clear differ-
ence between the remaining bias in the surface flux overmamts and oceans, which indicates
that climatological values of aerosol loading considenasl the ocean (continent) was too high
(low) when compared with the values uses for deriving the $RBr-sky fluxes.

Fig. 7 shows the largest impact of the new scheme on the sustaartwave fluxes to be
exactly over the regions where the largest model bias wenedio There are still large differ-
ences from observations in the all-sky surface flux (fromte4®60 W n12 in the tropical and
subtropical regions) which we show to be related to the dafaes in the model cloud pa-
rameterization (compare Figs. 10b and 7a). The cloud naditdrcing analysis shows similar
deficiencies in both OPE and NEW models, which was expectbdtasise the same longwave

and cloud parameterizations. Over the Pacific ITCZ, the ORENEW CPTEC models, like
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the original COLA model (Fig. 6 from Potter and Cess 2004)dpices overly bright clouds

and little thin cirrus, which results in a negative bias ie 8hortwave flux at the surface. Itis
interesting to compare the results from Potter and Cess4{Aflftained for the COLA model

with our result with the NEW model, as both rely on the samedlparameterization. Fig. 11
in the previous section and Figs. 6 and 7 from Potter and Q&1 show that improvements
implemented at CPTEC led to a significant improvement in tod@hCRF.

The extra radiative heating of the atmosphere (Fig. 2) lesignificant changes in the tem-
peratures of the polar summer troposphere (Fig. 3). Howd#verincrease in the temperature
which was of the order of 3K, is not enough to correct the OPHehbias of about -10K. In the
stratosphere the changes were around 4K and over the wilggnpore than 8K. These results
agree with previous results of Ramanathan et al. (1983) amtldd al. (1990) who showed the
equilibrium between radiative and dynamic forcings in ttratesphere to be very sensitive to
the parameterization of radiation. However, even withitihtsease in the stratospheric tempera-
tures due to the extra atmospheric absorption of solartradidhere is still a -10K bias. Results
from Ramanathan et al. (1983) indicate that this might beteel to the longwave scheme. Ra-
manathan et al. (1983) estimated that if the scheme theyassedned a constant water vapor
mixing ratio of 3ppm in the stratosphere (as in NEW and OPEetg)dtheir simulations would
have overestimated the cooling rates by about 0.1K/day aoled the stratosphere by 10K.

With the reduced availability of energy at the surface, #esgble heat over the continents
and latent heat over the oceans were reduced, as shown in &igsd 9. This means a re-
duction of energy available for convection, which is in acdamce with the weakening of the
meridional circulation (Fig. 5) and the reduction of pret@pon (Fig. 13). This is similar to

the results of Morcrette (1990) for short-term integrasiaf the ECMWF model. He showed

21



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

that a decrease in the bias of atmospheric absorption of saation from +15-20% to less
than +5% led to a 15% stronger hydrological cycle and meniicirculation. In our study, the
improved solar radiation scheme helped to reduce the wedaiis from -15% to -7% (see Ta-
ble 1) and slowed down the hydrological cycle by 3% on aver&@sidering South America
only, the OPE model bias was reduced from +43 W0 +23 W n12 in the NEW model. The
reduction of the precipitation over the ocean in the SACZaregvas only -1 mm day* (~6%).
However, these figures are smoothed by the 10-yr time avelien we analyze individu-
ally each DJF period, we find positive and negative diffeesnaf+£2—-3 mmday! (15-25%)
which are slightly unbalanced. Our results indicate thgnidicant impacts on the hydrological
cycle are to be expected at monthly time scales but not alyytawe scales. This might be im-
portant for seasonal forecasting of temperature and ptatgn anomalies, particularly when
anomalies are calculated by differences between an enserhhort forecast integrations and
a multi-year model climatology. One should expect, howetreat the convection and surface
parameterizations play an important role in determinirggrtsponse of the hydrological cycle
to changes in the radiation. In fact, preliminary resultthvihe NEW model and the GRELL
deep convection scheme (Figueroa et al. 2006) have showgea fasponse of the hydrological
cycle in the decadal time scale and a great improvement imtiael DJF precipitation spatial

distribution.

6. Summary

We have shown that using tig& IRAD-SW-M scheme the CPTEC GCM simulates fluxes

and atmospheric absorption closer to observations thae fhrvided by the operational model.
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The global yearly average underestimation of atmosphbsiomtion decreased frord 17/m?

to —6 1W/m?, while overestimation of solar radiation at the surfaceréased from +14 W/
to +6 W/n?. Comparisons with model runs without the background adsdscluded in the
radiation scheme showed that they are responsible for gjppately 80% of this extra absorp-
tion, even thou they respond only to 50% of the clear-skyaeabrsorption. Moreover, we have
also shown that the agreement between the model and obeasvahder these conditions is
now within +£3 W/m? which is well within the precision of the observed data.

The zonal average of the model atmospheric absorption leags$ignificant improvements
in the model integrations with theLIRAD-SA-M scheme. For both DJF and JJA, the biases
over the winter hemisphere were completely corrected vadviér the summer hemisphere they
were reduced to less than -15 W/nwith a large impact of the aerosol scattering and absorp-
tion near the poles and of the water vapor continuum absori the equatorial and tropical
regions. The largest improvement was over Antarctica, w/ltee bias was reduced from -
45 W/n? to -12 W/nt during DJF. However, we found that there is still bias in acef fluxes
mainly due to model deficiencies related to cloud paranmetgan.

The extra atmospheric heating increased the troposphanpdratures by3K and the
stratospheric temperatures K. In the polar night region, due to dynamic forcing, temper
ature changes of8K were found, which reduced the model temperature biassd hesults
agree with previous results of Ramanathan et al. (1983) antidtial. (1990) who showed that
the equilibrium between radiative and dynamic forcingshia stratosphere is very sensitive to
the parameterization of radiation. However, there is atdbld bias of -10K in the polar strato-
sphere, which probably comes from the use of a constant 3pgder wapor mixing ratio in this

region (Ramanathan et al. 1983).
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The increase in temperature in the upper troposphere andtred of the temperature gra-
dient between the poles and the equatorial region incregestatic stability and reduced both
the meridional and zonal circulations. The intensity ofttlapospheric jets is reduced by 7-8%,
while that of the polar night stratospheric jet were incegbBy 5-10%. The vertical velocities
in the Hadley and southern polar cells were reduced by 2000005 Pa/s). Both results bring
the model simulated wind fields closer to observed values.

It was also shown that the reduced availability of latentrgynéor the saturated convec-
tive processes weakened the meridional circulation amght)i slowed down the hydrolog-
ical cycle. The overestimation of the global yearly averaf@recipitation decreased from
+0.8 mmday! to +0.7 mmday'. The new radiation scheme helped to reduce the model bias
over the SPCZ region by 0.5-1.0 mm daynd over the northern hemisphere storm tracks re-
gion, by 0.5 mmday'. In the monthly time scale the impacts are stronger. OvelSthéZ
region we found positive and negative differencest@-3 mmday! (15-25%) during indi-
vidual DJF periods.

This is potentially important for seasonal forecastingipafarly when anomalies are calcu-
lated by differences between an ensemble of short foret@sgjrations and a multi-year model
climatology, as operationally performed by CPTEC. Howgftether investigation of this sub-
ject is necessary and will be done in a future study. MoreaWVer convection and surface
parameterizations probably play a more important role termeining the magnitude of the re-
sponse of the hydrological cycle. In fact, preliminary fesfrom Figueroa et al. (2006) with
the NEW model and the GRELL deep convection scheme have sahdawger response of the
hydrological cycle and a great improvement in the modelipretion.

We stress that the use of GCMs in operational seasonal &imegeor in climate change
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assessments requires that the model simulates well therpresserved climate and its vari-
ability. In this sense, this study shows how a new shortwad&tion parameterization allowed
for significant improvements in the CPTEC model ability tpnesent observed characteristic

features of the earth radiation budget, atmospheric @timr and precipitation.

Acknowledgments.

H.M.J Barbosa and T.A. Tarasova were supported by grants RKEC-NDB. I.F.A. Caval-
canti is grateful to Conselho Nacional de Desenvolvimerngmtifico e Tecnolégico (CNPq) for
research funding. NCEP-NCAR reanalysis data were obtdieedof charge from the NCAR

ds090.2 dataset (available at http://dss.ucar.edupadtysis/).

25



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

References

Adler, R. F. et al.,, 2003: The version 2 Global Precipitatfoimatology Project (GPCP)

monthly precipitation analysis (1979-presedtydrometeor., 4, 1147-1167.

Anthes, R. A., 1977: Hurricane model experiments with a nesmwalus parameterization

schemeMon. Weath. Rev., 105, 270-286.

Briegleb, B. P., 1992: Delta-eddington approximation falas radiation in the NCAR Commu-

nity Climate Model.J. Geophys. Res., 97, 7603—-7612.

Cavalcanti, I. F. A. et al., 2002: Climatological featurasai simulation using CPTEC-COLA

AGCM. J. Climate, 15, 2965—-2988.

Cess, R. D. et al., 1995: Absorption of solar radiation byidi Observations versus models.

Science, 267, 496—499.

Chagas, J. C. S., P. Nobre, and M. Malagutti, 2004: Modificetion the CPTEC global model

radiation schemdRroceedings of Xl1I Brazlian Meteorology Conference, Fortaleza-CE.

Chou, M. D. and M. J. Suarez, 1999: A solar radiation paranzetiion (CLIRAD-SW) for at-
mospheric studies. Tech. Rep. Series on Global Modelindgatd Assimilationl5, NASA,

TM-1999-1046086, 40 pp.

Clough, S. A., F. X. Kneizys, and R. W. Davies, 1989: Line shapd the water vapor contin-

uum.Atmos. Res., 23, 299-241.

26



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

Clough, S. A. etal., 2005: Atmospheric radiative transfedeling: A summary of AER codes.

J. Quant. Spec. Rad. Trans., 91, 233-244.

Collins, W. D., 2006:Frontiers of Climate Modeling, chap. Unresolved Issues in Atmospheric

Solar Absorption. Cambridge University Press.

Collins, W. D., J. M. Lee-Taylor, D. P. Edwards, and G. L. Fian 2006: Effects of in-
creased near-infrared absorption by water vapor on theatdéiraystemJ. Geophys. Res.,

111, D18109.

Cusack, S., A. Slingo, J. M. Edwards, and M. Wild, 1998: Thaia@ive impact of a simple
aerosol climatology on the Hadley Centre atmospheric GQMart. J. Roy. Meteor. Soc.,

124, 2517-2526.

Davies, R., 1982Documentation of the solar radiation parameterization in the GLAS Climate

Model. Goddard Space Flight Center.

Figueroa, S. N., T. Tarasova, H. M. J. Barbosa, J. P. Borettl, P. L. Silvia Dias, 2006:
The impact of cumulus and radiation parameterization selseam Southern Hemisphere
summer climate simulated by CPTEC Atmospheric GeneralGition Model.Proceedings

of 8 ICSHMO, Foz do Iguacu, Brazil, 1037-1040.

Fomin, B. and Y. Gershanov, 1996: Tables of the benchmadulzlons of atmospheric fluxes
for the ICRCCM test cases, part Il: Short-wave results. RmsResearch Center “Kurchatov

Institute”, Moscow, Russia, Vol. IAE-5990/1, 42pp.

Fomin, B., T. Udalova, and E. Zhitnitskii, 2004: Evolutiohgpectroscopic information over
the last decade and its effect on line-by-line calculationsalidation of radiation codes for
climate modelsJ. Quant. Spec. Rad. Trans,, 86, 73—-85.

27



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

Fu, Q., K. N. Liou, and M. C. Cribb, 1997: Multiple scatteripgrameterization in thermal

infrared radiative transfed. Atmos. Sci., 54, 2799-2812.

Gates, W., 1992: AMPI: The Atmospheric Model Intercompami®rojectBull. Amer. Meteor.

Soc., 73, 1962-1970.

Gates, W. et al., 1999: An overview of the results of the Atpiesic Model Intercomparison

Project (AMIP).Bull. Amer. Meteor. Soc., 80, 29-55.

Harrison, E. F., P. Minnis, B. R. Barkstrom, V. RamanathanPRCess, and G. G. Gibson,
1990: Seasonal variation of cloud radiative forcing dedifrem the Earth Radiation Budget

ExperimentJ. Geophys. Res., 95, 18 687-18 703.

Harshvardhan, D. and T. G. Corsetti, 1984: Longwave ramhaparameterization for the
UCLA/GLAS GCM. NASA Tech. Memo. 86072, 65P, Goddard SpacglfiCenter, Green-

belt, MD.

Harshvardhan, D., A. Randall, and T. G. Corsetti, 1987: A fadiation parameterization for

general circulation modeld. Geophys. Res., 92, 1009-1016.

Hart, T. L. et al., 1990: Atmospheric general circulatiomslations with the BMRC Global

Spectral Model: the impact of revised physical paramed¢ions.J. Climate, 3, 436—459.

Hou, Y. T., 1990: Cloud-radiation dynamics interaction.[Phhesis, University of Maryland,

209 pp.

Hurrell, 3. W., J. J. Hack, B. A. Boville, D. L. Willianson, dd. T. Kiehl, 1998: The dynamical
simulation of the NCAR Community Climate Model Version 3 (&G3). J. Climate, 11,

1207-1236.

28



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

Johns, T. C., R. E. Carnell, J. F. Crossley, J. M. Gregory, 8iBhell, C. A. Senior, S. B. Tett,
and R. A. Wood, 1997: The second Hadley Centre coupled oettmosphere GCM: Model

description, spinup and validatio@limate Dyn., 13, 103-134.

Kalnay, E. et al., 1996: The NCEP/NCAR 40-year Reanalysigiet.Bull. Amer. Meteor. Soc.,

77 (3).

Kiehl, J. T., 1994: Clouds and their effects on the climatgey.Phys. Today, 47, 36—42.

Kiehl, J. T., J. J. Hack, M. H. Zhang, and R. D. Cess, 1995: i8eitys of a GCM climate to

enhanced shortwave cloud absorpti@rClimate, 8, 2200-2212.

Kistler, R. et al., 2001: The NCEP-NCAR 50 years reanalyisienthly means CD-ROM and

documentationBull. Amer. Meteor. Soc., 82, 247-267.

Kuo, H. L., 1974: Further studies of the parameterizatiatmefnfluence of cumulus convection

on large-scale flowd. Atmos. i, 31, 1232-1240.

Lacis, A. A. and J. E. Hansen, 1974: A parameterization feraibsorption of solar radiation in

the earth’s atmospheré.Atmos. <ci., 31, 118-133.

Li, Z., L. Moreau, and A. Arking, 1999: On solar energy dispios: A perspective from

observation and modelingull. Amer. Meteor. Soc., 78, 53-70.

Lohmann, U. and R. Bennartz, 2002: Impact of improved nefiaiied water vapor line data
in simulations with the ECHAM4 general circulation mod&lGeophys. Res., 107 (D16),

4288.

Mellor, G. L. and T. Yamada, 1982: Development of a turbuéetiosure model for geophysical
fluid problems Rev. Geophys. Space Phys., 20, 851-875.

29



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

Monin, A. S., 1986:An introduction to the theory of climate. D. Reidel, Dordrecht, Holland.

Morcrette, J.-J., 1990: Impact of changes to the radiatimsfer parameterizations plus cloud

optical properties in the ECMWF modéllon. Weath. Rev., 118, 847-873.

Neelin, J. D. and I. M. Held, 1987: Modeling tropical convenge based on the moist static

energy budgeMon. Weath. Rev., 115, 3—-12.

Pinker, R. and I. Laszlo, 1992: Modeling surface solar iaade for satellite applications on a

global scaleJ. Appl. Meteor., 31, 194-211.

Plana-Fattori, A., E. P. Souza, and J. C. S. Chagas, 1997orpiiien of solar radiation by
water vapor in the atmosphere. Part |: a comparison betwadented parameterizations and

reference result®razlian J. Geophys., 15 (3), 275-290.

Pope, V. D., M. L. Gallani, P. R. Rowntree, and R. A. Strattad@00: The impact of new
physical parameterizations in the Hadley Centre climatdehddadCM3.Climate Dyn., 16,

123-146.

Potter, G. L. and R. D. Cess, 2004: Testing the impact of daurdthe radiation budgets of 19

atmospheric general circulation modelsGeophys. Res., 109, D02 106.

Ramanathan, V., R. D. Cess, E. F. Harrison, P. Minnis, B. Rk@&eom, E. Ahmad, and D. Hart-
mann, 1989: Cloud-radiative forcing and climate: Resulisnfthe Earth Radiation Budget

ExperimentScience, 243, 57-63.

Ramanathan, V. et al., 1983: The response of a spectralajeieulation model do refinements

in radiative processes. Atmos. <ci., 40, 605-630.

30



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

Ramaswamy, V. and S. M. Freidenreich, 1992: A study of braadtparameterizations of the
solar radiative interactions with water vapor and watepdrd. Geophys. Res., 97, 11 487—

11512.

Reynolds, R. W. et al., 2002: An improved in situ and saelBST analysis for climatel.

Climate, 15, 1609-1625.

Rothman, L. S. et al., 1983: AFGL trace gas compilation, 2@88ion.Appl. Opt., 22, 1616—

1627.

, 1998: The HITRAN molecular database and HAWKS, 199@ieali J. Quant. Spec.

Rad. Trans., 60, 665—710.

, 2003: The HITRAN molecular spectroscopic databasetidtdof 2000 including 2001

updatesJ. Quant. Spec. Rad. Trans,, 82, 5-42.

Slingo, J. M., 1987: The development of verification of a dqurediction scheme for the

ECMWF model.Quart. J. Roy. Meteor. Soc., 113, 899-927.

Souza, E. P, P. L. da S. Dias, A. Plana-Fattori, and J. C. 8g&¥) 1997: Absorption of solar
radiation by water vapor in the atmosphere. Part |I: seviitiests with a general circulation

model.Brazlian J. Geophys., 15 (3), 291-306.

Tarasova, T., H. M. J. Barbosa, and S. N. Figueroa, 2006:rpacation of new solar radi-
ation scheme into CPTEC GCM. Tech. Rep. INPE-14052-NTE/87dtituto Nacional de

Pesquisas Espaciais.

Tarasova, T. and I. Cavalcanti, 2002: Monthly mean solatata@ fluxes and cloud forcing

31



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

over South America in the period of 1986-88: GCM results aae|Bte-derived datal.

Appl. Meteor., 41, 863—-871.

Tarasova, T. and B. Fomin, 2000: Solar radiation absorpdio® to water vapor: Advanced

broadband parameterizatiodsAppl. Meteor., 39, 1947-1951.

Tiedtke, M., 1984: The effect of penetrative cumulus cotieecon the large-scale flow in a

general circulation modeContrib. Atmos. Phys., 57 (2), 216—239.

Wild, M., 2005: Solar radiation budgets in atmospheric maalercomparisons from a surface

perspectiveGeophys. Res. Lett., 32, LO7 704.

Wild, M. and A. Ohmura, 1999: The role of clouds and cloucefaémosphere in the problem of
underestimated absorption of solar radiation in GCM atrhespPhys. Chem. Earth, 24B,

261-268.

Wwild, M., A. Ohmura, H. Gilgen, and E. Roeckner, 1995: Valida of general-circulation

model radiative fluxes using surface observatidn€limate, 8, 1309-1324.

Wild, M. et al., 2006: Evaluation of clear-sky solar fluxesGi&Ms participating in AMIP and

IPCC-AR4 from a surface perspective Geophys. Res., 111, D01 104.

Xue, Y., P. J. Sellers, J. L. Kinter Ill, and J. Shukla, 1991si/plified biosphere model for

global climate studiesl. Climate, 4, 345-364.

Yamamoto, G., 1962: Direct absorption of solar radiatiorabyospheric water vapor, carbon

dioxide and molecular oxyged. Atmos. <ci., 19, 182—-188.

Yu, H. et al., 2006: A review of measurement-based assessroktihe aerosol direct radiative

effect and forcingAtmos. Chem. Phys., 6, 613—-666.

32



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

List of Figures

1 Zonal mean atmospheric absorption (WAnaveraged over (a) DJF and (b) JJA
periods. Data from satellite derived observation (SRR;l€)rand models OPE
(thin line), N-WA (long dash), N-A (dot-dash) and NEW (thilike) are shown. 36
2 Zonal mean shortwave heating rate difference (%) betweleW Nind OPE
models during (a) DJF and (b) JJA periods. Negative valuesladed in gray. 37
3 Differences in zonal mean air temperat@€)(between (a), (b) OPE model and
NCEP reanalysis, and (c), (d) NEW and OPE models, during [23f} &nd JJA
(right). Negative values are shaded ingray. . . . . ... ... ......... 38
4 Climatological vertical structure of zonal wind (m/s): WEmodel (a) DJF and
(b) JJA. The differences between NEW and OPE models are shogeh and
(d) for DJF and JJA respectively, and positive values ardethen gray. . . . . 39
5 Zonal mean vertical p-velocity (Pa/s): (a), (b) NCEP-R &od (d) NEW
model, during DJF (left) and JJA (right) respectively. Thiéedence between

NEW and OPE are shown in (e) and (f), where positive p-vejatiferences

areshadedingray. . . . . . . . . . 40

6 Differences between (a) NEW and (b) OPE models and satelétived (SRB)
estimations of DJF clear-sky shortwave radiation fluxebasurface (W m?).
Regions with a positive bias are shaded ingray. . . ... ... ... ... 41

7 Differences between NEW model and satellite-derived (S#&Bmations of (a)
all-sky shortwave flux at the surface (W#) and (b) total cloud cover during
DJF. The spatial correlation coefficient between (a) ands(b)).66 and regions

with a positive flux bias are shadedingray. . ... .. ... ... ....... 42

33



10

11

12

13

14

INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

Differences between (a) OPE and NCEP-R, and (b) NEW and G#faaions

of surface sensible heat flux (W), during DJF. Regions with a positive flux
biasare shadedingray. . . . . . . . . . ... 3 4
Differences between (a) OPE and NCEP-R, and between (b) ME€WOPE
estimations of surface latent heat flux (W), during DJF. Regions with a
positive flux bias are shadedingray. . . . ... .. ... ... ... ... 44
Net cloud radiative forcing (W nt) from (a) satellite derived observations
(SRB) and (b) differences between NEW model and SRB obsengstdur-

ing DJF. The region in the western tropical Pacific referenoghe text is also

Scatter plot ofV x netC'RF from SRB satellite derived observations (black)
and NEW model (gray), for DJF. Each point corresponds to @ goint over

the tropical western Pacific region (M0to 5°S and 117.% to 170E). .. .. 46
Scatter plot of convective precipitation versus SWCRErdvwopical oceans
(200S—20N) with annual mean SS¥27°C. Observations from SRB and GPCP
(black) and NEW model (gray) annual means are shown. . . . ... ... 47
Global mean precipitation difference between individnadel runs and the
ensemble of OPE model runs (mm ddy Integrations with the OPE and
NEW models are drawn as dotted and full gray lines respdgtiVée ensemble
means are drawn as thick black lines. . . . . .. ... ... ... .. ... 48
Improvement in the DJF precipitation distribution shommthe difference in

DJF precipitation (mm day) between NEW and OPE models. . . . . . . . .. 49

34



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

15 Changes in the DJF precipitation distribution for thd firae DJF periods. The

difference in DJF precipitation (mm da) between NEW and OPE models is

35



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

ﬂc\eor DJF

=]

0 E‘ c\em" JUA

80S 60S

£Q

20N

40N

60S 405 205 £Q 20N 40N 60N 80N

a cloudy DJF

o

a cloudy JJA

80S 60S

FiG. 1. Zonal mean atmospheric absorption (WAraveraged over (a) DJF and (b) JJA periods.

Data from satellite derived observation (SRB, circle) amatieis OPE (thin line), N-WA (long

40S

208

EQ

20N

40N

60N

60S 40S 208 £EQ 20N 40N 60N 80N

dash), N-A (dot-dash) and NEW (thick line) are shown.

36



INPE ePrint: sid.inpe.br/mtc-m17@80/2007/11.26.12.45 v1 2007-11-27

NEW—-OPE, Summer

805 605 405 205 FQ 20N 40N 60N 80N
NEW—-OPE, Winter

300 A
400 A
500 1
600 1
700 A
800 1
900 1
1000

805 605 405 205 FQ 20N 40N 60N 80N
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during (a) DJF and (b) JJA periods. Negative values are shadgay.
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FiG. 6. Differences between (a) NEW and (b) OPE models and gatd#rived (SRB) esti-
mations of DJF clear-sky shortwave radiation fluxes at thiéasa (W n12). Regions with a

positive bias are shaded in gray.
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FIG. 7. Differences between NEW model and satellite-deriveRB5estimations of (a) all-
sky shortwave flux at the surface (W#) and (b) total cloud cover during DJF. The spatial
correlation coefficient between (a) and (b)-49.66 and regions with a positive flux bias are

shaded in gray.
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Fic. 8. Differences between (a) OPE and NCEP-R, and (b) NEW anl €&f®mations of

surface sensible heat flux (W), during DJF. Regions with a positive flux bias are shaded in

gray.
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model (gray) annual means are shown.
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FiG. 13. Global mean precipitation difference between indigidnodel runs and the ensemble
of OPE model runs (mm day). Integrations with the OPE and NEW models are drawn as

dotted and full gray lines respectively. The ensemble maamslrawn as thick black lines.
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FiG. 14. Improvement in the DJF precipitation distribution whoas the difference in DJF

precipitation (mm day') between NEW and OPE models.
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TABLE 1. The global average of solar radiation absorption (W)ncloud radiative forcing
(CRF, W 2) and albedo (0-1) are presented. Results for OPE and NEW Imaxietellite-
derived observations from SRB datasets and multi-modehsiaad standard deviations from
Wild (2005) and Wild et al. (2006) are shown for all-sky anélastsky conditions. Results from
the experiments with the NEW model without aerosols and matpor continuum (N-WA) and

without aerosols (N-A) are also shown.

OPE N-WA N-A NEW SRB wild

all-sky absorption

TOA 244 244 244 241 241 2366.5
ATM 63 63 64 68 74  T747.3
SFC 181 181 180 173 167 168.4

clear-sky absorption

TOA 298 206 297 291 288 29%B.9
ATM 63 64 68 72 70 6%4.6
SFC 236 232 229 219 218 22B.8

TOASWCRF -54 -53  -52 -50 47 5417

SFC albedo A1 A1 11 A1 .13 n/a

TOA albedo 31 31 .30 31 .32 301

TOA: at the top of the atmosphere
ATM: in the atmosphere

SFC: at the surface.
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TABLE 2. Same as Table 1, but for ocean and land separately.

Ocean Land

OPE N-WA N-A NEW SRB OPE N-WA N-A NEW SRB

all-sky absorption

TOA 254 254 255 251 251 218 218 219 216 216
ATM 64 64 66 67 73 57 57 60 70 78
SFC 190 190 189 184 179 161 161 159 146 138
clear-sky absorption

TOA 315 313 313 307 303 256 255 256 252 251
ATM 64 66 70 71 67 57 59 62 75 78
SFC 251 247 243 236 236 199 196 194 177 173
TOA SW CRF -61 -59  -58 -56 -52 -38 -38 -38 -36  -36
SFC albedo .06 .06 .06 .06 .09 .25 25 .25 25 .23
TOA albedo .29 29 .28 30 .30 .36 36 .35 36 .36

TOA: at the top of the atmosphere; ATM: in the atmosphere; SFC.: at the surface.
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