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CHAPTER I
A BRIEF DESCRIPTION OF THE UIUC 24-LAYER ST-GCM

This chapter introducethe UIUC 24—layer stratosphere—troposphere genenaulation
model (ST-GCM) used in thistudy. A detailed description of the model development and

validation is presented in Appendix A.

A. History of the UIUC GCMs

The 24-layelST-GCM is a descendent tife 2—layer atmospheric GCM developed in the
late 1960's and early 1970's by Arakawa and Mintz at UCLA (@atals1971; Gharet al. 1982)
and subsequently developed and used by Schlesinger. The 2&@bdt hasbeenused formany
simulation studies, including the onsettloé lastice age(Schlesinger and VerbitskiQ96) and the
equilibrium climate change induced by doublintpe CQ concentration (Schlesinger arthao
1989). Beginning in 19845chlesinger and Oh developed a 7-layer versiachedAGCM, which
was used by Oh for hiBh.D. research at Oregon Stdtmiversity to develop and test a physically
basedparameterization oflouds andheir radiative interactions (Oh989). The 7-layerAGCM,
with its top at 20thPa, differsfrom the 2—-layer AGCM mainly ints vertical resolution and the
treatment ofradiation, cloudsprecipitation and the planetafyoundary layer. Wang (1996)
developed an 11-lay&GCM by extending the modebp of the 7-layeAGCM to 50 hPa and
adding a few layers ithe lower stratosphereThe 11-layelAGCM possessethe same dynamic
and physical features as the 7-lap&CM, but issignificantly improved in simulating the present
climate, especially the tropical intraseasonal oscillation (Wang and Schlesinger 1999).

The 24-layerST-GCM hasbeen under development sint®94 primarily based on the
11-layer AGCM. A main purpose of developing such a model waal¢alate the radiativéorcing

and simulate the climate changes induced by the Pinatubo eruption.
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B. Basic Structure and Newly Implemented Components

The model has a horizontal resolutionddflatitude by 5°—longitud@Appendix A) anduses
staggered B—grid fdiinite differences (Arakawa andamb 1977). Vertically the modelextends
from the earth's surface to 1 hPa (Appendix A) and uses sigjras (its vertical coordinate. Given
a surface pressure of 100®a, there are 10 layers abod®0 hPa with constant log—pressure
thickness and 14 layers below 100 hPa with prescribed pressure values.

During the development of the 24—-lay®&Ff—-GCM, newparameterizations were adopted for
the transfer of both solar and longwave (terrestrial) radiatidre old parameterizationsed in the
UIUC 7-layer and 11-layer AGCMs proved to be unsatisfadtoryhe 24—layeiST-GCM in the
stratosphere because of inaccurate heating rates and aadéegThe inaccuracy of the longwave
cooling resulted mainly from the absence of the Doppler broadening absbeption lines of water
vapor, carbon dioxide andzone. A newparameterizatiorfor longwave radiationoriginally
developed byChou and Suaref1994), wasadopted and modifietbr use inthe UIUC 24-layer
ST-GCM. Itcomputes absorption and emission of terrestrial radiation due to weguer, carbon

dioxide, ozone, clouds, aerosand thetrace gases N,O, CH,, CFC-11, CFC-12, and

HCFC-22. Itcontains 9 broad bands ranging in wavenumber from 3000 to infinity. This
parameterization is capable of computing the cooling rate in shkgaaccuratelyfor boththe middle
and lower atmospheres (fron01 hPa tdhe surface) with errors lesthan 0.4°C/dayChou and
Suarez 1994). A new parameterization for solar radiation, originally developed by ChSuaaed
(1999), wasalso adopted and modifigdr use inthe UIUC 24—layerST-GCM. Itcomputes the
absorption by water vapor, ozone, carbon dioxakggen, cloudsaandaerosolsand the scattering
by clouds, aerosoland molecules (Rayleigbcattering). There are &ands inthe ultraviolet and
visible spectral regionf.175-0.7um) and thredands inthe near—infrared and thermal-infrared
regions (0.7-10.0 um).

The new and old parameterizationschemes were compared by running 1-D
radiative—transfer models under different clear—sky atmospheric conditions (Appgendi¥or

longwave radiation, for the cases of mid—latitude summetrapits,the old scheme overestimates
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the cooling rates in thstratosphere witlthe largeserror of abou°C/dayoccurring in themiddle
stratosphere near 1Pa,and underestimates the cooling rates inttbpospheregxcept near the
surface, with the largest error of about 1.2°C/day occurring near 300 hPa. For the case of sub-arctic
winter, the old scheme slightly underestimates the cootatg in the middlgroposphere, but
severely overestimates the cooling rate in upgper stratosphere, witthe largesterror reaching
4.8°C/day. For solar radiation, the new and old schemes result in nearly identical heating rates in the
troposphere. Ithe stratospherethe heating rate computed by thiel scheme is generally smaller

than that computed by the new scheme and the discrepancy increases with heiggtmadel top

the discrepancies are 1.1°C/day the case of mid—latitudsummer,1.5°C/dayfor the case of

tropics and 0.4 °C/day for the case of sub—arctic summer.

To studythe climaticimpacts of anthropogeniaerosols inthe troposphere andolcanic
aerosols irthe stratosphere, aoutine was developed to incorporate the radiative effects of these
aerosols into the 24—-layer ST-GCM. Both the scattering and absorption by aaresotduded in
the solar radiation parameterization, while absorption and emiss®nncluded in the terrestrial
radiation parameterizationFor anthropogenicaerosols,radiative properties (specific extinction,
single—scattering albedo and asymmetry factor) wal®ulatedoff—line by aMie scattering model
(see AppendixB), which wasdevelopedfor an intercomparison projector studyingthe direct
shortwave radiative forcing by sulfate aerosols (Bouehal. 1998). The indirect radiative effect
of anthropogenic aerosols the troposphere is alsparameterized by empirically relating the
cloud—droplet number concentration to sulfate aerosagsconcentration (Boucher and Lohmann
1995). This aerosol radiation package has also been installeelUhUC 11-layer GCM to study
the global and regional climate changes induced by the direct solar radiative forcing of anthropogenic
sulfate aerosol (Schlesingetrral. 1997a).

To be consistent withthe new radiation schemes cloud—radiation interactiorwas also
modified. Slingo (1989)'sscheme on thehortwaveradiative properties of liquid—watelouds,

which depend on liquid—water path and the equivalent radius afrtipe-size distributiony), was

adopted. The drop—size distributiony(,) is determined by the in—cloud liquid—water content and
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cloud—droplet number concentration. Shortwave radiative properties of ice clowdisoaftenctions
of the ice—water path ance crystal effective siz€Chou et al. 1996). The effects ofclouds on
terrestrial radiation are included by introducing a mean flux transmittance, whichnsiltiptication
of the gaseous transmittances and a cloud—related coefficient. This coefficaiculatedfor each
GCM layer andconveys information aboutloudiness,cloud optical thickness, andcloud
overlapping (Chou and Suarez 1994). Clouds are grouped into three categories — high clouds above
the 16tho—layer of the model, middle clouds between 16¢h and 19tho—layers,and low clouds
below the 19tho—layer. Clouds within each category are assumed to be maximally overlapped, and
clouds among different categories are assumed to be randomly overlapped.

Processes such atably stratified airflow over irregulaterrain, moist convection, the
development of dynamical instabilities of the Kelvin—Helmhoyjge, geostrophi@djustment and
frontal zones can produce gravity waves and transfer mean momentum betweepogEhere and
the stratosphere/mesosphere. The drag effect of gravity waves with spatial scales smaller than those
resolved by an AGCM's grid is crucial for the model’s performance (HaniiB®%). Weincluded
Palmeret al. (1986)'s parameterization of orographically excitgchvity—wave drag (GWD) in the
24—-layerST-GCM. Sensitivity studies werearried out to modify thiparameterization so that it
can best improvethe model’sperformance. The inclusion of the parameterization in thwdel
improves significantly the simulated tropospheric sub—tropical jets and sea—level-pressure centers in
both the Northern and Southern Hemispheraewever, it over weakenthe northern—hemisphere
polar—night jet. It should bgointed outthat how to parameterize thdropospheric/lower
stratospheric GWD in GCMs is still neettled. It isevenlessclear tharhow to parameterize the
mesospheric GWD. Some improv&¥WD parameterizationsonsideringthe spectraproperty and
different sources of subgrid—scale gravity waves have been devestmeady(e.g., Alexander and
Dunkerton 1998;Hines 1997ab). These parameterizatiorshould betested in the 24-layer
ST-GCM in the future to further improve its simulation in the stratosphere.

Many parameters in the model have been tuned to enablddistosimulatehe observed

present climate. These parametexdude, for instancethe thresholds ofrelative humidity for
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large—scale and convective precipitation, the characterstdor the evaporation of precipitation,

and the autoconversion rates of cloud water to precipitation for cumuloform and stratiform clouds.

C. Performance in Simulating the Present Climate

To validate the model’'s performance, a 15—year control simulatisbeen conducted with
prescribedclimatologicalsea—surface temperature and seasdistributions (Glecklerl999). The
model simulates well the geographiahétributions and their seasonal variations of surface—air
temperature and precipitation. The simulated large precipitation in the tnopies along with the
ITCZ. Thesimulated cloud cover matches thieservedgenerally well except in theouthern high
latitudes, wheré¢he simulated is abo@0% to 30% lesthanobserved. The model is capable of
reproducing the observed geographical distribution and seasonal variation of longwave
cloud-radiative forcing (LWCRF), especially in thdropics. It is foundthat the LWCRF in the
tropics largelydepends orthe emitting temperature of convectigbouds at cloudop, which, in
turn, depends on a threshold relative humidity that controls the onset of penetrating convection in the
model (Wang and Schlesinge®99). The model captures the basic geographical distribution and
seasonal variation ahe shortwaveCRF. Large biases occur ned&@0°S inJanuary because the
simulated cloud covehaslarge errors there. Over thewarm pool, the simulated annual-mean
absorption of solar radiation by clouds is 35 \Wémaller than observed.

The model simulates correctly the location of the troptcapopause,the tropospheric
mid—latitude temperature gradients and the sub—trojeicalreams. The modelalso simulatesvell
the reversal of thebserved pole—to—potemperature gradient between summer and winter in the
stratosphere anthe southern-hemisphere polar—night jeThe model captures the location and
phase othe semi—annual oscillation near #teatopause. Stratospheric sudden warmangsalso
detected in the northern—hemisphere middle stratosphireever, anumber of deficienciesxist.
The modelhas a colder-than—observed lowemslar stratosphere but a warmer—than—observed
middle andupper stratosphere the polar—nightregions, especially in theNorthern Hemisphere.

The simulated northern—hemisphere polar—njghis too weak compared tihe observations, and
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the jet core is shifted towards the equator. These warm biasdiseamelaker—than—observed polar
vortices have not been found in most otB&Ms, which usuallyshow systematic cold biases and
over—intensified polavortices. Sensitivity studiesdicate that they are related to thee of the
GWD parameterization in the 24—-lay®@T-GCM. Analyses of the residual circulatiamdicate that
the model simulates reasonably well the two—Be#wer—Dobosorctirculation in thestratosphere
and its reversal between tih®o solsticeseasons. The easterly forcing in the middle tapper
stratosphere irthe winterhemispheres generated the model-resolved eddies is comparable in
magnitude to those simulated byfeav mesospheri€cGCMs. However the forcing in thelower
stratosphere seems to be too strong.

In summary, the UlUQR4—layer ST-GCM hasignificantly improved the simulation in the
troposphere and nedhe surface with newlyimplemented parameterizatiord modifications
compared to iteancestors. The modelhas been coupled witthe UIUC Atmospheric Chemical
TransportModel (ACTM) in anoff-line mode to simulate thdistributions of source gases and
ozone in thestratosphere (Rozanat al. 1999a;b). It hasalso beenused to reconstruct the
radiative forcing of historical volcanieruptions (Andronovat al. 1999). Al7-year transient
simulation from 1979 to 1995 has also been performed using the modet 8econdAtmospheric
Model Intercomparison Project (AMIP—II) (Gleckldr999). Based otthe detailed validation in
Appendix A and its applications in the aforementioned experiments, we may conclude thidd Ghe
24—layer ST-GCM is suitabl®r the study of the radiative forcing andlimatic impact of the

Pinatubo eruption.



