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ABSTRACT

We compare short forecast errors and the balance of terms in the moisture and tem-
peratire pradicticn equations which lead to those errors for the Communmity Atmosphers
Ifcdel versions 2 and 3 (CAM? and CALM3) at T42 truncation. The compari=sons are made
for an individual model column from global model forecasts at the ARNM Southern Great
Flaire site for the April 1907 and June/ July 1997 Intensive Observing Periods. The goal is
to provide inaght inbto parameterization errors in the CANM which ultimately should laad
to improvements in the way processess are modeled. The atmeospheric imfial conditions are
obtained from ECMWTF reanalyvses (ERA40). The land initial conditions are spun up to be
consistent with those analvess. We identify the differences betwreen the modeal formulaticrs
that are responzable for the majxr differences in the forecast ertors and/or parameteriza-
tion behaviors. We perform a sequence of experiments, accurmmilating the dhanges from
CAM3I back toward CAM? to demonstrate the effect of the differences in formulations.

In June/ July 1887 the CANMI temperature and moistire forecash errors were larger
than thoss of CARM2. The terms idembified ns being responsible for the differsnces are
1) the comvective time scale assumed for the Zhang-DcFarlane deep comechion, 2) the
energyv amsociated with the comersion betwesn water and ice of the rain asscoiated with
the Zhang-hMcFarlane comection parameterization, and 3) the dependence of the rainfall
evaporation on clowud fackion. In Aprl 1807 the CANM2 and CALMMI temperature ard
moistiure forecast emrors are very similar, buk different tendencies arising from modifications
to one paramsterization component are compen=ated by responding changes in another
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component to vield the same total moisture tendency. The addition of detrainment of
water in CANMI by the Hacl shallow comvection to the prognostic cloud water scheme
iz halanced by a responding difference in the advedtive tendency. A halving of the tims
scale asmimed for the Hack shallow comrection was compersated by a responding changs
in the prognostic cloud water. Changes to the cloud frachion paramsterization affect the
radiative heating which in furn modifies the stability of the atmospheric column and affects
the comrection. The resulbing changes in comrection fendency are balanced by responding
changes in the prognosiic cloud water paramsterization tendsncy.

1. Inbreduction

The Community Atmosphere Model verson 3 (CAM3I), developed in a collaboration
betwesn members of the MNational Center for Atmospheric Fessarch and the =cientific re-
sanrch community, was recently releasad for unrestricted uss by the general commuinity.
The CAMS3I i= the atmosphenc comporent of the new version of the Community Climate
Svstem Model (CCEM3) which i= intended for coupled ocean-atmosphere-saa-ice applica-
tions, including climate change studies such as those carried ouf for the IPCC. The CCEMMI
iz documented in Collins et al. (2006a) and in a serie= of papers in a special i=sue of the
Journal of Climate (2006, Vol 19, 2121-2632).

The CAMS3I can also be run in a stand-alone mode with specified Sea Surface Ternpeat-
atires (35T ) and sen-ice extent while coupled with the Community Land NModel (CLL )
(Bonan et al. 2002a; Oleson et al. 2004). A complete technical desription of CANMI i=
provided by Collins et al. (2004). Tt is closaly related fio its predecessor CAM? (Collins o6
al. 2003, IKiehl and Gent 2004 ) with a few of its component paramesterizations essnfially
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unchangad. MNevertheless, ecdiensive modifications have been introduced inko the cloud and
precipitation processes and are described in Boville ot al. (2006), Zhang ot al. (2003) and
Collins ot al. (2006k).

Idam: of the fommulation dhanges were imbrodiced to eliminate significant binsss in
the climate simulated by CANM2 which limibed ibs ubility for several applications, e.g. ==e
Boville ot al. (2006). As part of the development and evaluation of CAM3I, adjustable
coefficients in the parameterzation of clouds and precipitation were also modified. Hacl
et al. (2006h) provide an overview of the need to “fume” adjustable parameters in regponse
to changes in large scale fislds which coan acoompany paramsterized forcing and resclubkion
changes.

Az alluded to above, the CAMSI was developed by comparing ite simulated climate
to similar statistics obfained from atmospheric oheservations and analyvess, with the goal
of matching the atmeospheric statistics as clossly as possible. In fack CAM3I, although nob
perfect, provides o better match fhan CAM? did, indicating that the design criferia were
largelyv aatisfiad. hlamyv of the improvement=s in the climate siatishics of the amuilations are
described in Collins of al. (20064, 2006k), Boville ot al. (2006), Hack ot al. {2006a) and
Foazch et al. (2006). Hurrell et al. (2006) de=cribe the overall dynamical simulation of the
CAN3I. Al these papers and ofthers in the special issue (Journal of Climate, 2008, Vol
19, 2121-2632) indicate that the amuilated climate of CAMI i= an improvement over fhat
produced by itz predecesaor CAR2. While all thess papers concentirate on improverments
to the simmilated climate they alas list important remaining biasss which reduce the fidelitv

of CANMI simulaticns.



2. Descaiption of forecast approach

Azindicated abowve, CAMI does a aredible job of simulating current climate; howanar,
for it o be meost ussful ib sk do =0 by correctly approcdmating the processss that create
that climate. Ewaluation of thoss processes when the medsl i= in itz climate equilibrivm
may be midending becauss a process might be responding to o careabing compen=ating
errors. In addibion evaluabion of the modeled processss i= difficult and pethaps oot possible
on a global acale. However, with collengues at PCLMDI we have devaloped an approach to
encamine the processes in climate models by following the lead of WP model devel oprment:
that i= to examine the climate model applisd to weather forecasts. The goal i= oot to
produce the best possible forecast or o determine the longer term evolution of the forecast
error, but rather o compare model parameterized variables such ns clouds and radiation
and parameterized tendencies to detailed esbimates from field campaigie such as provided
by the DOE Atmospheric Radiation Measurement (ARL) program. Swch comparisons
can only be made in limited regions and for limited perods, bub they do shed light on how
the models are working there. The paramsterizaticrns are examined when thev are applisd
to the ob=rved atmospheric state rather than to a posgbly icormrect model simmalated
state. Cwr general approach, which has been named the CCPP-ARM Parameterization
Tezstbed (CAPT) iz dexcribed in Phillips ef al. {2004). We emphasize that owr goal is to
gain insight inbo model parameterization emrors, which we hope will lend to suggestions for
model improvemnents. Boyle at al. (2005) and Williamson et al. {2005 apply the approach
to CARM?2 for a few periods and locations. The argument is that when the paramsterizaticrs
are applied to the correct atmospheric stafe, as provided by high resclution Mumerical
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Weather Prediction analveis svstems, intial errors in fhe forecasts are attributable to the
parameterizations. Of cowrss it muast be affirmed that the dyvnamical component is aocurate
diring the period being analveed. This approach also concentrates on the emrors which have
the fostest time scales. Affer thess fast errors are esiablished | the model state i= o longer
a good estimate of the atmosphers and our oginal assimption that the paramsterizaticrs
are applied to the comrect atmospheric sate 1= no longer walid. We will m2e balow that
the errors form very rapidly in the casss cormsidered here. Ome can cormsider the longer
term evolution and halance of the errors, e g, Bud ek al. (2006), but cnce the modsl shate
differs from the atmosplenc stake we have a similar problem as locking at the individual
processes in the climate eguilibrium described above.

In thi= paper we compare forecasts made by CANMS to matching ones mads by CARI2
at the ARM Scuthern Great Plains (SGP) =site for the April 1897 and June/July 1987
Inbersive Observing Pericd= (I0P). Both versons were mun at T+2 spachral truncation with
26 vertical levels. We dio not catalog the details of all the differences between CANM2 and
CAMS. Similarly we do not identify the effect of all those differences between CAM2 and
CANMSI onthe errorsin the modeled processss or in the balances betweean processs=. Rather
wa identify the primary differences betwesn the model formuilations that are responable
for the major differences in the forecast errors and for paramsterization behavior. As will
be meen the=e imvolve the changes in the wmlues of some parameters, dhanges in the details
of aome parameterizations, and the inclusion of additional processes in CANMI.

William=on et al. (2005) showed that for thess periods and locations the primary
CANM?2 forecast emrors form rapidly within 24 hours. For the mext ssveral davs the errors
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evolve slowly as the ermors with slower time smales respond to the early errors. We have
found that the emors in CANMSI are similar to thoss in CAM2 and form equally rapidly.
Therefore we consider the temperatiure and specfic humidity errors of 24 hour forecasts
and the terms in the temperature and molshire predichion equaticrns averaged over the
first 24 hours of the forecasts. In addition, fo reduce the noise we consder composite
forecast errors rather than the errors of individual forecaste. The composites are chossn
to consist of forecastzs with commeon emcors and behavior as in Williamson et al. (2005).
The raticnale given there for CARM?2 applies equally to the CALM3I forecastz. The analvsss
of individual forecasks are verv similar to that of the composite.

The specific umiditv and thermodynamic prognostic equations can be writben

T v vT—6 per 40 3
— =% S T — i :
Em cl'5 + K p+‘ (2

where the moisture source term 5 and heating term @ repressnt the sub-grid =cale pa-
rameterizations. The first two terms on the fght-hand-sides of (1) and (2) dencte the
horizontal and verfim! advedion. We al=so consider the mum of these two — eferred fo as
the fofal advection. We refer tio the term xTw/pin (2) as the energy conversion ferm snce
the momentum equation includes a corregponding term and the global inbegrals of the two
sum to zero in the bobal emergv equation.

For the purposss of idemtification in the following analvas of differences we define
here the terms we will use fo characterize the various processes eccamined. In general, we
separate the parameterizaficns, 5 and @), into three primary components referred to as
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the moist processes parameferization, the planefary boundary layer (PBL) parameteriza-
tion, and mdratfon. The last has no direct effect on the moisiure sorce term 5. The
FEL parameterzation includes the surface fimces which are distributed in the vertical by
the PBL parameterization (Holtslag and Boville, 1883}, The meist processes include the
Zhang and MMcFarlane (18085) desp comvection parameterization, the Hack (1994) shallow
convection parameterization, and a prognostic clowd water parameterization (Rasch and
Iiristjansson, 1888). Thess three can be thought of a= aeating condenmmte or rain water
from waber vapor. We refer to these o= the primary porameferizafion schemes included in
the moist processes, bub ench has complementary processes asscciated with it which act on
the condenzate prodiuced by ibs cormesponding primary paramsterization Thess processes
include the evaporation of falling rain water created by the prognostic coud water, by the
Zhang-lMcFarlare desp comection parameterization, and by the Hack shallow parametferi-
zabion. We refer to these as rainfell cvaporafion. In CAM?2 thers i= no rainfall evaporation
aszociabed with the Hack shallow parameterization. CAM?2 incudes a term assodated with
the Zhang-McFarlane deep comvechion partameterization that evaporates a fradkion of the
detrained waber back inko the emviromment. We refer to this as envronmental defruinment.
Thiz term i=s nob included in CTARMI. Addibicnal processes included in CAMI which are
not included in CAM2 are the parfitioning of condensaie inbo liquid and ice, the freezingof
rain waber o anow or ice and the imverse melfing of anow ot ice back to rain waber. These
are associabted with each of the three primary parameterizations of the moish processes
and all follow the formulation of Rasch and Iristjansson (1888). Thev provide an energy
consistercy in CAMI that was lacking in CALM2.
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We u= the same atmosphete and land imtial conditions for CARMS as were used for
CAM?2 in Bovle ab al. (2005) and Williamson et al. (2005) with minor medifications to the
land conditions required by minor differences in the land models. Thess will be described
shortly,. The imtial atmeospheric conditions were obtained by mapping high reaslubion
ECMWTF reanalyses (ERA4D, Simmons and Gibson, 2000) to the coarss resclution CALL
grid in a way that i= consistent with the low resclution topography, and leads to smooth,
balanced forecaste. We followed the interpolation method used in the IFE system jointly
developed by the ECMWF and Meteo-France ( White, 2001). In the earlier CAM?2 study
we alao usad initial conditions caeated from the NCEP-D OF reanalvses (R2, Kanamit=u
et al. 20021 The general characteristics of the forecast errors fiom the fwo ssts of initial
conditiors were the same, although the magrnifudes of the errors differed somewhat. By
comparison with the independent AFRN data at the 3GP =ife, we concluded that the ERA40
initial conditions provided a truer indication of the CAM error.

The land initial conditions for the CLA2 which was coupled to CAM2 were obtained
b aspio-up procedure in which the CLLM2 responds to and imberacks with the CARM2 while
the CAM2 is forced with the EFA4LD analvess to evolve like the observed atmosphere. This
iz described in more detail in Phillips et al. (2004) and in Bovle et al. (2005). Some
indication of the quality of the land initial conditions is provided in Bovle o6 al. (2005
and William=on et al. (2005) where it iz argued that amy deficiencies in the land initial
conditions are oot regponzable for the primary errors ssen in thoss papers in the atmosphernic
torecasts. By analogy, thev are not responsible for the errors ssen with CAM3I sither. The
CLL2 was basad on a grid boe containing mualtiple plant funchion types, ench with it own
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soil column. The CLM3 includes the effects of competition for water among plamt funchion
tvpes by having a angle soil column shared by all the plant funchion tvpeswithin a grid box
(| Bonan et al. 2002a; Oleson et al. 2004). For the CLL3/ CAMS3 forecasts considered inthe
following we sst the initial soil column in each grid box to match the imtial CLM2 column
of the dominant plant function tvpe. We also carried cut CLLS ) CANMS forecasts using the
average of the CLM?2 =cil columne in each grid box weighted by plant type frackion, and
using the original CANM? inifial data with CLIM3 =t in non-compete mode with multiple
soil columns in the grid box. The differences betwesn the resulting CALI forecasts were

The prognosbic parnmeterized variables, i.e. thoss variables which carry information
from one fime step to the neod, were initialized in the spinrup procedure ussd for the land.
The only modification to the CAM2 wariables neaded for CALI was to partition the total
condemEabe imbo iquid and ice fomms. The algorithm included in the TANM2 prognostic
cloud waber scheme (Rasch and Krishjansson, 1998) was usad. We notie that thess initial
values play a minor 1ole in the forecasts since they are very close o what CAMI would
produce in a amilar spin-up exercizs and even if ot imitialized thev spimp in forecasks to
their preferred mlues extremealy fast.

We emphasize that we corsider only two specific season= (April 1997 and June/ July
1887 at an individual grid column, namely the ARNM SGF =site. However, the April cass
doss appear to be representative of cther years (Bovle et al. 2005), and the June/July
errors might be relemnt to the modsl behavior in otber moist regions such as the tropical
weshern Pacific (William=on et al. 2005). The analysss presentied here are not necessarily
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represntafive of the model’s behovior everywhere, Nevertheless, they do shed some light
on the worlkings of some of the parameterizations.

We calculate the model errors by comparing with the ARNM I0OF data s=t= that were
devaeloped for forcing and diagnosing singls column and coud resclving models. Thess
hove besn processed with the consbrained vanational analvas method of Zhang and Lin
(19871 and Zhang et al. (2001). These data include the variables needad to drive Single
Column Medels { SCM) and additional field= mich as estimates of the sub-grid scale forcing
equivalent to what would be calculated b o modsl parameterization suite. These are
obtaimed as a residual of the total tendency mimiz the advective or diynamical terms.
We emphasize, however, that we are not studying an SCM here. Cur analysis i= for an
individual column from global forecasts of the complete model =0 that inberacticns with
the achive dyvnamical comporent are includsd.

To illustrate the changes in model formulation that we have idenhified as responzable
for the major differences between the CAM?2 and CALI forecast errcrs we start with the
CAMI formulation and meodify slected aspects to match thoss of CAM2. We petform a
saquence of experiments, accurmilating the changes from CANM3I back toward CAM2. Each
st of forecasts in the s=quence will be referred to as an “experiment”.

3. Juns/ July 1887 IOP Forecasts

William=on et al. (2005) showed that the dominant errors in CAM? in June /July ab
the SGF =ite were persistent, occurring in every forecasi. Thersfore we average owver all
forecasts for this pericd as was done in the analyva= of Williamson 6 al. (2005). Fig. 1la
and b show the vertical profiles of the mean forecast temperatiure and specfic umidity
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errors ab day 1 for CAMS3I (=olid line) and CAM? (short dashed line) at the ARM 3GF
site. The data are verbically inberpolated to a commen grid consisting of the union of the
CANM and ARM grids to compute the error. The inmer ficlkmarks on Fig. 1a and b indicate
the interpolation grid at which the differences are plotted. The CARM?2 values in Fig. 1a
and b replicate the corresponding DAY 1 curves in Fig, 1 of Williamson ot al.  (2005).
The long dashed line i=s from the first in the ssquence of experiments and will be discizsad
shortly, The CANMI errors are larger than the CAM?2 errors ab this locabion and ssnson.
Comesponding profiles of CANMI and CAR2 Jurme; July simulation climatological errors
at thi=s grid point are shown in Fig. 1o and d. Here the data are verfically imberpolated
to a common grid conasting of the tnion of the CANM and ERA4D grids to compube the
error. The inner fickmarks indicate these points The climatological emrors are caloulated
from a 21-vear simulation with momthly mreraged =sa surface temperatimes differenced
against the ERAALD reanalvees mreraged over the zame period. The larger CARMI upper
tropoepheric forecast temperatire error is reflected in the CAMI climabclogical error also
being larger than that of CALM2, CARM2 has= a larger lower troposphberic climatological
temperatire error because the land model develops a warm, dry bias (Bonan et al. 2002b)
in the mammer. This ertor develops in the climate samilaticon on a longer fime scale than
the short forecasts considered here. The CAMI climatclogical moishire bias is also larger
than that of CAM?2 ewcept near fhe murface where the CAL2 land drv bias affects the
atmeosphetic cdimatology, Again the land dimatclogical bias st up over a longer period
than the few day forecasbs comsidered here. Clearly the l-day forecast errors are noh
identical to the climate biases, but the CAM forecast biases do appear to be melevant to
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the climatological binsss. The 1-dov forecast errors represant only thoss that fornm faskest
while additional emmrors come inbo play in the climate gamualation. After thev fomm thess
slower errors probably parbially amelicrate the fastest errors redicing the climate bias.
In addition the forecast error i= for o composite of cases from mid- Junes to mid-July for
a dngle vear. The compoate i= chosen to cotsist of only forecasts which hove the same
forecast error. The climate bias i= for the enbire teo months for maltipls venrs There i=s
a greater possibility of mixing different types of errors in creating the climabe averags.

Williamson et al. (2005) show that the meist processes are driving mest of the tem-
peratiire error in the CAM? forecasts at thiz sanson, and within that sst of processes, the
Zhang-IMcFarlane deep convection parameterization iz dominant, the others being rela-
tively inactive. Of course, as pointed ot there, the formmilation of the parameterization
might not be in error. It might be responding to errors in other processes Neverthele=s, it
iz o good sharfing point fo attempt to understand the sources of the errors, or differences in
the errors that are indicated here. We have identified thiee changes from CANM?2 to ARSI
aszociabed with the Zhang-MoFarlane deep comrection that are resporsible for mest of the
difference in the forecast errors. These are 1) parameters in the desp comedbion were
modified to malke it more ackive in CANM3I, 2) the energy asscciated with the comrersion
between water and ice of the comvective rain was added to CANM3, and 3) the rainfall
evaporation in CALMSI was made to depend i the cloud fraction

We now discuss a sequence of expenments accumulating the reverse of thess changes
from CANMSI bacl: boward CANM2 to demorstrate that they are indeed responable for most

of the obsrved forecast differernces. The experiments are summarized in Table 1.
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In the first experiment, labeled EXPI], the fime scale for the Zhang-IcFarlane desp
convection is increasad from the CARS value of 1 howr to the CADM2 value of 2 howrs (Eqn.
442 of Collinset al. 2004). The time =scale difference males the convection le=s active in
EXPI] than in CAMS3I. In addifion, the coefficient confirolling the autoconversion of cloud
water to precipitation as it is lifted iz decrensed from 3107 *m ™! in CAM3 to the CAMM?2
value of 2107 *m™! (Eqn. +.20 of Collinzet al. 2004). The decreass in the autocomversion
coefficient in EXPJI] results in less rain waber being produced. The errors in the EXPI1
forecasts are compared fio those of CANMI and CAM?2 in Fig. la and b as the long dashed
lire. The temperature error fromm EXP I falls half war beteween CTALMI and CARM?2 values
except around TO0mb where the ermor iz less than that of CAR2, The moistire error is
two-thirds of the woay from CANMI to CAM2, with no particularly noticeable featire ab
700mb. A separate set of forecasts changing only the convective fime scales from the CARS
to the CAMM2 value (not shown) shows that the changes from CAM3I to EXPJ] seen in
Fig. la and b are primarily due fo the comrechive fime scale change and nob to the change
in autocomersion costhasnt.

Fiz. 2a and b show the 24-howr averaged total temperature and meoisture tendencies
along with their fwo components, the dynamics or advediion tendencies and the parame-
terization tendencies, for the CAM3I, CAM?2 and EXFPJ1. The imnner tick marks indicate
the actual model levels. The dynamics cools meore in CARMSI than CAM2 throughout the
column (Fig. 2a). Premimably the dinamics is responding to differences caused by the
paramsterizations during the first day ance the dyvnamical approcimations are idenkical in
CAM?2 and CANM3, and the inifial data and surface boundary data are nearly the same. In
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fact examination of 3-howr overages shows that the diynamics and meoisture advedchion in
C AL match those of CAM?2 diring the part of the day when the comvection is inackive (6-
15 howrs). The differences in temperature and meisture crented by the parameterizations
diring the first § hours are not large enough to affect the dynamics and advedtbion from
£-15 hours. The dynamics and advecbion differences then grow from 15-24 hours when the
convection iz ackive. The comrection gives a differemt heating rate which in turn drives a
different wertical mobicn. The differences in the dynamics are in fact in the wverfical ad-
vection and emergy cormmrersion term. The honzontal advection matches in the CARM2 and
CANMS forecaste. This was further wverified v examining sets of forecasts initialized at 062
and at 12Z. The dynamics and meoisture advechion match in the two setz of forecasts before
the commechion i= adkivated. The diynamical tendency in EXPJI] with the convective tims
scale et to CAM2 wmlues is closer tio that of CAM?2 (Fig. 2a), consisbent with the state be-
ing closear fio that of CAM2. However the parameterized heating and moisiening =hill differ
between EXPJI1 and CAM2. Williamson et al. (2005) compared the CAM?2 parameterizad
moistening to that from the ARM vanaticnal data s=t. This showed significant errors in
CAM2 which are exacerbated in CAM3I. Fig. 2c and d indicate that the differences in
temperatire and specific humidify are primarily caussd by the meoist processes, with a
wvery small conbribubion o the femperature tendency from the radiation.

Fiz. Ja shows the temperature tendency for the thres primary parameterization
schemes comprising the moist proce=ses which create condenmte. Fig. b, ¢, and d show the
additional processss associated with each of the primary schemes. Fig. 3o repressohs the
conversion of vapor to iguid condensate in the cass of the progoostic clowd water scheme
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and to rain of detrained waber for the Zhang-McFarlans desp and Hacl: shallow conveckion
parameterizations. The Zhang-IMcFarlane deep comrection is the dominant component and
EXFI1 iz close but not identical o CAM2. Fig. 3b shows the mainfall ewmporation associ-
ated with the three parameterizations for the thres experiments. CARM2 did not include
rainfall evaporation with the Hack shallow scheme, but that term iz alao essentially zeroin
CANMSI and EXPI] and i= mob resporsible for the differences. The rainfall evaporation is
relatively amall for the prognostic cloud waber scheme. The rainfall emporation associated
with the Zhang-IMcFarlare desp convediion dominates the three and for it, EXPI] i= closer
to CARM3I. Fiz. 3c shovws heating dus to the freezing of rain water bo ice or snow associabed
with each =cheme. This is essertially the ioe/liquid repartiticmng for the progoostic cloud
water scheme with a similar repartitioning applied to the rain water produced by the two
convection schemes. Fig. 3d shows the cocling due to the melting of snow for each schems.
Thess last two processss ivolving liquid fice cormrersions were nob included in CARM2 for
ay of the primary paramseterizations. Fig. 3¢ and d show that thess comveraon terms
are @mall for the Hack shallow and progncstic cdoud waber parameterizaticns and that the
conversions associabed with the Zhang-IMMcFarlane deep comvection scheme dominate. The
tendencies of EXPJ] remain close o those of CAMI as opposed fo zero in CANM2.
Expenment EXPJI2 iz bassed on EXPJ] with the comersion betwesn water and ice
az=ociated with the comvechion parameterizations eliminated. This comrersion that was
added to CANMSI for comedhive condenzate follows the form ussd with the progoosbic cloud
formulation (Eqn. +114 - +143 of Collins et al. 2004). Results are shown in Fig. +
Comparizon of EXPI2 in Fig. 4a with EXPJ] in Fig. la shows that the temperatire dif-
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terences with CAM2 hove been reduced in EXPI2, especially in the upper troposphere.
The moisture differences have besn only dightly reduced 1o EXFP J2 1o the lower fropo-
sphere (Fig. 4+b versue Fig. 1b). Note that the phase comversion does not directly affact
the atmospheric water vapor specific humidity. It only direcily affects the femperature,
and ice and liguid water components. The kinlk between 600mb and 700mb in the tem-
peratire error in CAM3I (Fig. 4a) i= eliminated in EXPJ2. It was caused by the melbing
of falling =now which led to localized cocling there (Fig. 3d). The difference in heating
from the Zhang-McFarlane deep comechion scheme (Fig. +c) between CAM?2 and EXPI2
iz rather =mall. The difference in temperature error however i= ot negligible. Betwesn
B00mb and 200mb the difference in temperatire between EXPI2 and CAM?2 (Fig. 4a) i=
nearly constant. Similarly the water wmpor also shows a nearly corstant difference from
B00mb to 500mb (Fig. +b), and that difference mimics the rainfall evaporation difference
in temperatire associated with the Zhang-IcFarlane deep comvection paramsterization
(Fig. 4d). Note that the corresponding water vapor tendencies fom rainfall evaporation
(mot shown) are just the negabive of the temperature tendendes =aled by the latent heat
of wmporization

Thits the lash experiment in the ssaries, EXF I3, examines the combribution from the
change in the rainfall evaporation formulation 4 mulbiplicative term (1 — ) that was
included in CAM3 in the rainfall evaporation equation, where Oy i= the cloud frackion, is
eliminated in EXP J3 (Eqn. +.103 of Collins et al. 2004). Fig. 5 shows the reaulk of a series
of forecasts from EXP I3, Now the moisture emror in EXP I3 1= very closs o that of CAL?2

(Fig. 5hb) and the evaporation term it==lf i= also very closs to that of CAM?2 (Fig. 5d). The
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temperatire tendency from comrersion of vapor to liguid in the Zhang-IMcFarlane desp
convection scheme matches CALM? well with slight differences arcund 500mb (Fig. 5.
The temperatire error itself shows differences with CAM2 of 0.5I above 500mb (Fig. 5a).

At this point we have illustrated the effects of the primary dhanges that were respon-
sible for the major differences between CANMSI and CAM? in June/July 1087 at the SGF
site. Thev are all asscciated with the Zhang-hMcFarlans deep convechion parameterization.
mall differences do however remain. Although we do ot show 1f here, we have identified
the== asarising from changes in the the prognostic cloud water and from the longwave radi-
ation responding to dhanges in the clowd fraction parameterization. The clowd changes will
be conadered in the next saction focuang on the April forecasts, where we also consider
some of the prognostic cloud water differences. In the April cass the progoostic cloud waber
and the Haclk shallow convection parameterization are dominant and the Zhang-MMcFarlans
deep comrechion i= inackive.
+ April 1887 IOP Forecasts

We now corsider forecasts initialized in April 1987, William=on et al. {2005 ) showed
that wnlilke the summer cass, in Aprl fhe CAM2 captures the episodic nature of the
precipitation olssrved in ARNM wvery well The terms in the moisture and temperaturs
prediction equations are very different on rain and no rain days. Therefore, for the April
forecasts we conalder composites of dave with significant precipitation. The compositing
iz done here exactly as it was done in Williamson eb al. (2005). Again, all members of the
composite exhibit vervy amilar forecast errors. We do nob compare the compoate forecast
temperatire and meoisture errors with the model amilated climate error as we did in Julw
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since the composite repressnks only a mmall sample of states comprising the climats.

Fiz. fa shows the vertical profiles of the O-24 hour average total meoistire tendency
along with its two components, advection and parameterization for CAM3I (solid line ) and
CAM?2 (short dashed line). The long dashed line shows the ARM esbimates from the
variational analyss The total tendency is very similar in CAM2 and CAM3, but both
are different from ARM as dissussed in Willinmson ot al. (2005) for CAM2. Since the
two model tendencies are very similar it naturally follows that the errors at dav 1 are verwy
similar. The error for CAM2 can be seen in Fig. 5 of Williamson et al. (2005). Although
the temperature and meoisture errors in CAM?2 and CAM3 are very similar, we will show in
the following that when orne parameterization i=s modified from ite CARMI form to its CAM2
torm, there are compen=ating responses in the dynamics or in ancther parameterization
which lend to the =ame total errors in the two models.

We illustrate these compersating esponsss with ssquence of experiments changing
CAMS3I back toward CAM? summarized in Table 2. The changes to crente CAMI from
CANM2 and their ob=ered compensating resporses are 1) the addition of detrainment of
water in CANMI by the Haclk shallow cormrrection to the prognostic cloud water scheme which
iz balanced by o re=malting difference in the adwvective tendency, 2) a halving of the time
scale azaimed for the Hacl shallow comrection which i= compensated by a reaulting changs
in the progoostic cloud water, and 3) changes to the cloud fraction parameterization which
affect the radiative heating. Thizin furn modifies the stability of the atmospheric column
and affects the comrechion. The eaulbing changes in conveckion tendency are halanced by
responding changess in the prognostic cloud water paramsterization tendency.
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Fig. fia shows that the two components of the total tendency, advechion (ADV) and
parameterizations (PAR) are very dmilar in CAM?2 and CAMS3I except at a sngle grid
level (675mb) where a compernsating decrease ccours in both ADV and PAR in CALM3
comparad to CANM2, taking ench further from the ARNM estimates  Since the adwvection
approximations are identical in CAM2 and CAMS3I, and snce the intial conditions are
alzo the =ame in the two experiments, the advection difference i= probably a refleckion of
different heating rates produced by the different parameterizations in the two models a=
was argued abowve for the July cass. Above 000mb the parameterizations in CAM2 are
dominated by the meist processes (Williamson et al. 2005). As might be expected, this iz
al=o the cass in CANM3I.

Fiz. tb shows the tendencies of the three primary parameterizations comprising the
moist processes for CARMSI and CARM2. The tendencies from the associated rainfall evapio-
raticre contribube lithle to the total moist process tendencies at this column and therefore
are not included in the figure (=see Fig. fd of Williamson et al. (2005) for CAM? curves. )
The Hack shallow comvection (green curves) genetally has stronger drving in CANMS than
in CAM2, while the prognestic cloud paramsterization (vellow curves) shows less dryving
in CAM3J than in CAM2, turning to moistening at the 675mb grid level in CAM3I. The
differences in the tendences of the two compoments compen=ate in most of the troposphers
except ab the two grid levels above T00mb where the prognostic cloud water parameteriza-
tion i=s moistening the atmosphere in CTANMI. The progncsbic cloud water scheme isa wmpor
soirce there in CANMSI bub not in CANM2. Thie some other process in CAMSI i= providing
liquid waber to the prognosbic cloud water scheme which is then availabls for evaporation.
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From the clowd liguid water budget we determined that detrainment of water by the Hacl
shallow comrection to the prognostic cloud water scheme was the liquid source 1o CANS.
That process was not included in CAR2.

Experiment EXPAL eliminates this detrainment from CAMI. Fig. 6b includes the
terms from EXPAL as the long-dash line. The prognostic cloud parameterization tendency
(vellow line) i= negabive everywhere above the first model level. In fact both the Hack
shallow commrection and the prognostic cloud water tendences in EXPAL are very amilar
to those of CAM2, This leads to the tofal moist parameterization tendencies for CAM2
and EXPA] also being very similar (not shown). The advection tendency in EXPAL (noh
shown) iz also very smilar to that of CAM2, velding a similar tofal moisture tendency.
The advection tendency i=s responding to the different prognostic cloud waber tendsncy.

Although with this one change the total moist process and the primary parameterza-
tion tendencies now match CAM?2 clossly, there are other significant changes from CANM2
to CAMS which affect the model behavior and balances The ad justment time scale of the
Haclk shallew comrechion was decreased from 60 mimites to 30 mimites in CALMI. Fig. 6c
shows the terms from EXTP 2 which i=s hased on EXF 1 but with the fime scale of the Hacle
shallow comrection parameterization increassd from 30 minutes to 60 minutes to match
CAlM2 The increassd time =cale results in a decrense in the Hack shallow comective
tendency =0 that it is now =maller than that of CANM2, which in turn was smaller than
CAM3. This difference between EXPA] and EXPA2 in the Hack shallow convedhion pa-
ramsterization tendency iz balanced by an opposing difference inthe progocstic cloud waber
tendency which now has greater drving than that of CAM2. Although the Hack shallow
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and prognostic cloud water tendencies anch differ between EXPA2 and CAM?2 (Fig. fc),
the total moist parameterization fendency (not shown) agrees rather well betwean EXPAZ
and CAM? as it did in the previous experiment (EXPALl). Once again a change made to
one component leads to a compersating respotse in ancther which results in a very amilar
net dryving.

Although the total moist tendencies of EXFAZ and CAM2 agree well, Fig. fc shows
that the individual components do not. The remaining differences are attributable to a
paclket of changes in the cloud fradhion scheme and resporsss of obher paramsterizaticrs
to thoss changes EXPAJ removes these changes from EXPAZ. This resulks in forecasts in
which the meoist paramesterization component tendencies match thoss of CAM?2 (Fig. fid)as
does the total moist parameterization tendency it=elf (not shown). The packst of changes
to the clowd fraction scheme includes the following: the minimmm relative humidity for
low shable clovds was changed from 85% in CAM?2 o 30% in CAMS3 while that for high
stable clouds was changed from 830% in CAM? to 80% in CAM3. The low cloud wmlue i=
effective below 70 mb and the high coud abowve 750 mb. CAM?2 comrechive cloud fackion
depends on the detrainment rate from deep comvection, while that of CAM3I depends on
the commective mass flux., Finally in CANM2 the tobal cloud fadckion i= the maxdmum of the
shable and convective cloud frackions (maximum overlap), while in CAM3 the fiotal clowd
i= the =um of the stable and convective cloud frachions.

In EXPAJ without the CAMSI cloud frackion modifications the mid-level cloud frackion
in particular, i= s=en to be les=s than that of CAL3I (Fig. 7h) while with them (EXPAZ)
the fraction i= closer to that of CAM3 (Fig. 7a) In fack a design goal of CANM3I was
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to incrense the mid-level clouds over those of CAM2, The decreassd mid-level clouds in
EXPATD (relative to CAMS and EXPA2) resultsin increased longwave cooling below 600mb
extending down to 850mb (not shown.) The shortwave radiation heating is affacted less
kv thess clouds so the net rodiation has increnssd cooling in EXPAS relative to CARS
and EXPA2 from 600mb to 800mb. That destabilizes the atmosphere landing to stronger
convection in EXPAZ which then matches CAM?2 in drving.

EXPAJZ isvery close to CAM?2 in the total moist paramsterization drving (not shown),
in the moist parameterization components (Fig. fd), and in the cloud fraction (Fig. Th).
Bmall subtle differences do remain but we do oot tov o idembify their cavses. O goal
was to determine which model formmulation changes had the largest effacts.

5. Conclusions

The studies described in the introduction hove shown that the simulated climate
of CARI matches amilar shatistics obtained from atmeosplenc observations and analvsss
better than the smulated climate of its predecesscr CAM?2 does. With that measire CAM3
repreznts a agnificant improvement over CANM2. However, to be most useful a climate
model mist not only Amalate the correct statistics, bub it must do = by correcily modeling
the relevmnt processes The comparison of CANMS with CARM?2 in this paper attempts to
examine the modeled processes that create the climates of the modslzs by examining the
models applied to weather forecasts We compare the global model forecast evolubion to
estimates of that evolution at the ARM SGP =ite for several 10P=. For sich comparisors
wa are limited to specific locations and periods. With these limited locaticrns and pericds

wa can ofly sample a amall et of the phenomena that male up the global climats of the
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modal. We compute the modal erroms by comparing with the ARM constrained wmriaticnal
analysis (Zhang and Lin 1897; Zhang of al. 2001) that was developed to drive and analyze
single colimn models

We isolated the primary medel changes from CAM2 fo CAMI which affect the =sim-
ulated forecast processes and errors. There are significant differences in the errors in
forecasts made with CAM3I and CANM?2 at the ARM 5GP ste in June /July 1987, In April
1087 the temperature and moistire forecast errors are quite similar, but the individual

components that combine to vield the total srror can be quite different in compen=nting

wavs. we performed a ssries of experiments to illustrate the changes in the modal for-
mulaticn that were regponsible for the major changes in the errors and balances. DMany
smaller, more subtle changes were ot puraned.

In June/ July 1087 the CAM3I temperatire and moishire forecast errors were in fack
larger than thoss of CARM?2 ab this SGF =site. We concentrated on the temperatire balance
terms as thev include terms from the phoss change between liquid water and ice that have
no direct effect on the waber vapeor ib==lf. The changes idenbified as being regponsible for
the differerces were 1) the deep convechion was made more active in CANMSI by halving
the assumed time scale and icreasng the asboconverson coefficient, 2) including the
ener gy associated with the comrersion between water and ice of the Zhang-DMMcFarlane rain
in CANM3, and 3) adding a dependence of the rainfall evaporation on cloud frackion in
CAM3. Thess last two were not included in CARM2.

In April 1897 the CTALI and CAM? forecast temperatinze and moisbure forecast a1-

rors were very similar, vet when certain parameterization components were modified | other
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components reacted in a compen=abing wav, We examined the water vapor balance terms
in detail. The detraimment of water by the Haclk shallow cormmrection to the prognostic cloud
water scheme that was included in the CARMSI led to a differert total parameterization ten-
dercy from that of CAM2, bk this difference waos balanced by o compensating change in
the advective tendency to vield the same tobal moisture tendency. The comective tims
=cale assumed for the Hack shallow comrechion was halved in CAM3I. Thus the convection
tendency was wealer in CANM? bub compensated by the prognestic cloud waber parameber-
ization endency which responded o give very similar tobal parameterization tendencies
CANMS also had a wrietyv of changes to the coud fadbion parameternzation. These affact
the radiative heating which in turn modifiss the siability of the atmospheric column and
affects the comrection. Bubt again, the resulting difference in comrection tendency that
arises from the differert sbability was balanced by responses in the progncsbic cloud waber
parameterization tendency, vielding a similar total parameterization tendency.

Eocept tor the defraimment of wabter by the Hade shallow comvection, the other two
modificationsto the paramsterizations from CANM2 to CANMS studied here in the April cass
ench led o compensting changes between the tendencies from the Hacl: shallewr convection
paramsterization and the prognostic cloud water parameterization. In other words saveral
different paramefer setfings lead to the same neb tendency, but distributed differently
among potentially competing processes. Such compensation i= disturbing sincs it malkes
it even harder to esbablish if the processess are correct. It indicates the nesd for more
ob=rvations to establish which parameter setting is correct., i.e. to tie down parameters
in each componesnt. Of courss we cannot obsarve individual processes as formulated in the
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model, but other warinbles maich as clovds might help. Or perhaps the parameterizafions
should not be conadered as individual processes but unified in some manner that is shill
cost effective tio mxlve. Thess are all examples of the delicate balance that determmines the
modal climate and indicate why it is imporbant for each process to be modeled comrectly
if the model is to be applisd to climate change shudies.

Although the analvas pressoted bete was peformed after the fadh in the model deval-
opment process, it illustrates that thi= tvpe of analy=iz would have been ussful during the
development phass. Bassd on the findings here different modifications might have besn
sought in the development cyvcle. For example, alfernatives to fhe changes in comective
time =scales or the details of rainfall ewmporation might hore been sought which lead to
the =ume improvements 1o the climate skatisbics but do not increass the temperature and
moistire forecash errors. Clearly, however, basing development decisions solaly on the two
periods studied bere at an individual medel column would be dangercus. A larges mumber
of cases covering all phenomena being amualated by a climate model i= needed. Then the
trade-offs required in specifving the details of any model can be conadered meore logically

and syvstemabicallv,



ACKNOWLED GMENTS

We thank James Hack and Phil Rasch (INCAR) for discussions on details of the CAM?2
and CAM3I parameterizations, Samuel Levis for codes to map between CLLM2 and CLIM3
initinl data sote, and our colleagues af PCMDI who participated in the development of
the CAPT project and with whom we combimie to collaborats. We also thanl: saveral
ancimImolis reviewers for sugdestions which improved the paper.

The Maticnal Center for Atmeospheric Ressarch i= sporecred by the Mabicnal Bcence
Foundation. This worlk was partially supported by the Office of Biclogical and Emviron-
mental Fessarch, T 5. Deparfiment of Energy, as part of ite Climate Change Prediction

Frogram



REFERENCES

Bonan, G. B, 5. Levis, L. Iiergoat, and Iv. W. Oleson, 2002a: Landacapes as patches
of plant funchional tvpes: An inbegrating concept for climate and ecosvstem models,
Glob. Brogeochem. Cydles, 16, 1021, doi: 10,1028 /2000 GBO01360.

Bonan, G. B, IL. W. Oleson, M. Vertenstein, 5. Levis, X. Zeng, Y. Dai, K. E. Dickimeson,
and Z.-L. Yang, 2002b: The land aurface climatology of the Community Land IModel
couplad to the NCAR Community Climate Meodsl, J. Climate, 15, 3123-3148.

Baovle, J. 5., D. Williamson, B Cederwall, M. Ficrino, J. Hnilo, J. Olaon, T. Phillips,
&, Potber and 5 Xie, 2005 Diagnesis of Community Atmeospheric Model 2 (CAL2)
in numerical weather forecast confisuration at Atmospheric Fadiation Measuremesnt
(ARM) sites, J. Geophys. Fes., 110, D15515, doi: 10,1020 /200400 GO5042.

Boville, B. A, P. . Ba=ch, J. J. Haclk, and J. B. McCan, 2006: Fepressnbation of Clouds
and Predpitation Processes inthe Community Atmeosphere Model Verson 3 ( CAMI),
J. Clmate, 19, 21842108,

Colline, W.D., JJ. Hack, B.A. Boville, P.J. Rasch, D.L. William=son, JT. Iiehl, B.
Briagleb, J K. McCan, C. Bitz, 5.-J. Lin, R. B. Rood, M. Zhang, and %Y. Dai, 2003:
Description of the NCAR Community Atmosphers Model {CAM2). Available from:

bttp: / fwww. cosm.ucar edu ) medels / atm-cam  docs/ cam 2.0

Collins, W. D, P. J. Rasch, B. A. Boville, J. J. Hack, J. B McCan, D. L. Williamsen,
1. T. Kishl, B. Brisgleh, C. Bitz, 5.-J. Lin, M. Thang, and ¥. Dai, 2004 Descrip-
bicn of the NCAR Community Atmesphere Model (CAMI.0). NCAR Technical Note
NCAFR/TN-+644+5TR, xii+214 pps

Collirs, W. D)., C. M. Bitz, M. L. Blackmon, G. B. Bonan, C. 5. Bretherten, J. A, Carten,
P. Chang, 8. C. Doney, 1. J. Hack, T. B. Henderson, J. T. Kiehl, W. G. Large, D. 5
McKetma, B. D). Sater, and R, D Smith, 2006a; The Cotnmunity Climate Svstem
Model: CCSM, J. Climate, 19, 2122-2143.

¥



Collire, W. D., P. 1. Rasch, B. A. Boville, J. J. Hacly, J. B WMcCan, D. L. Williamson,
B. P. Briegleb, C. ML Bitz, 5.-J. Lin, and M. Zhang, 2006k The formmulation and
atmeospheric simulation of the Community Atmesphere Model Verson 3 (CAM3I), T
Climate, 19, 2142161,

Hacle, J. 1., 1804 Parameterization of moist commection in the National Center for Atme-
spheric Ressarch community climate maodel ( CCM2). J. Geophys. Fes., 98 5551-5563,

Hack, J. 1, J. M. Caron, 8. . Yeager, K. W. Oleson, M. M. Holland, J. E. Trues=dals,
and P, J. Rasch, 2006a; Sirmilaticn of the Global Hyvdrological Cyele in the CCSM
Community Atmesphere Model Version 3 (CAM3): Mean Festures, J. Climate, 19,
2105-2221,

Haclk, 1. J, J M. Caron, G. Danabasoglu, IL. W. Cleson, C. M. Bitz, and J. E. Traes-
dale, 2006kL: CCEM CALMI Climate Simulabion Sersitivity to Changes in Honzontal
Resolution, J. Climate, 19, 2267-2280.

Holtzlag, A A M. and B. A, Boville, 1803 Local versus nonlocal boundary-layer diffusion
in a global climate modal, J. Climafe, 6, 1825-1842.

Hurell, J.W., J. 1 Hack, A. Phillips, J. Caron, and J. Yin, 2006: The Dynamical Sim-
ulation of the Community Atmesphere Model Version 3 (CAM3I), J. Climate, 19,
2162-2133.

IKanamit=u, ML, W, Ebisuzald, J Woollen, 5.-It. Yang, J. J. Hnilo, M. Fiorine, and G. L.
Pother, 2002: NCEP-DOE AMIP-IT Rannalyss (R-2). Bull. Amer. Meteor. Soc., 83,
1631-1643.

Ihehl, J. T. and P. B Gent, 2004: The community climate system model, vermsion 2. 1
Climate, 17, J666-3682.



Oleson, K. W., Y. Dai, G. B. Bonan, M. Besilovich, R Dickirson, P. Dirmeyver, F. Hoffman,
P. Houser, 5. Leviz, G-Y. Niw, P. Thormton, M Vertenstein, Z.-L. Yang, and X.
Teng, 2004 Technical description of the Community Land Medel (CLM). Technical
Report MCAT/TH-4614+5TR, Mational Center for Atmeepheric Ressarch, Boulder
CO. 80307-3000, 17+ pp.

2

Fhillips, T. 1., G. L. Potter, D. L. Williamson, . T. Cederwall, J. 3. Bovle, M. Ficring,
J.J Hoile, J. G, Olson, 5 Xi=, J. I Yio, 2004: Ewvaluating Parameterizabions in
Gereral Circulation Meodels: Climate Simulafion Mestz Weather Predicfion, Bull
Amer. Meteor. Soc., 85, 1803-1815,

Fozch, P. 1 and I E. Iristjansson, 1908: A comparison of the CCM3 model] climabe u=ing
dingnosed and predicted condersate parameterizations. J. Clmate, 11, 1587-161+

Fao=ch, P. 1., M. I Stevens, L. Ricciardulli, A, Dai, A. Negn, B, Wood, B, A, Boville, B.
Enton, and J. J. Hacl, 2006: A Characterization of Tropical Transient Activity in the
CAMI Atmospheric Hydrologic Cycle, J. Climate, 189, 2222-2242.

Simmore, A, J and J. I Gibaon, 2000: The ERA-40 project plan. ERA-40 Project Report
zeries No. 1, ECMWTE, Feading, TIL

Sud ¥. C., D. M. Mocko, and 8. J. Lin, 2006: Performance of two cloud-radiation parame-
terization schemes in the finite volume general cdrculation model for ancmaloud v wet
Moy and June 2003 over the continental United States and Amazonia, J. Geophys.
Res., 111, DOG20], dod: 10,1028 /2005 T0 GOG246.

White, P. W. (ad.), 2001: FULL-POS Posbprocessing and Inberpolation, in IFS Doc-
umentation Part VI Technical and Computational Procedires (CY23R4). Fure-
pean Cenfre for Medium-Fange Forecosts, Feading, UL, Also accesable online ab
bt/ Swww. ecmwiioh ressarch fedocs old / TECHMNICAL /index btiml



Wiliamson, I L., 1. Baovle, R. Cederwall, I Ficrino, J. Hnile, J. Olson, T. Phillips, G.
Potter and 5. C. Xie, 2005: Moishure and Temperafire balances at the ARM South-
arnn Great Plains Site in forecasts with the CAM2, J. Geophys. Res., 110, D15516,
doi: 10, 1028 /2004 D005 108,

Zhang, G. I, and N. A. McFarlane, 18085: Sermitivity of climabe simulaticrns to the param-
eberization of curmilus comvection in the Canadian Climate Centre general circulation

model. dimos. Ocean, 33, 07-446.

Zhang, M. H. and J. L. Lin, 1887 Corstrained wariational analyvsis of sounding data hosad
on column-integrated budgets of mass, heat, meoisture, and momentim: Approach
and application to ARL measurement=s. J. dfmos. Sc., 54, 1503-1524

Thang, M. H., . L. Lin, F. T. Cederwall, J. . Yio, and 8. C. Xis, 2001: Ohjective analysis
of ARM ICP data: Method and sreitivity. Mon. Wea. Rev., 120, 205-311.

Zhang, M., W. Lin, C. 8. Bretherton, J. J. Hacle, and P. J. Rasch, 2003: A modified form-
laticn of fracticnal stratiform condensation rate in the NC AR Community Atmosphere
IMedel (CAM2), J. Geophys. Res., 108, 1035, dei: 10,1020 /20020002523,

30



Fig. 1.

. Mean forecast 0-24 hour average temperature tendencies for CAMMI (=clid)

FIGURE LEGEMNDS

Menn day 1 forscast temperature (a) and specific lumidity (b) errors for CAM3
(sclid), EXPJI1 (leng dash), and CAM? (shert dash) for the June /July 1007
I0P. Mean CAM3I and CAM? climate temperature (¢ and specific bumidiy
(d} errors for June/July. All ot the ARM SCOF site.

2. Mean forecast O-24 hour average of terms in the temperature and specific

bumidity predichion equabion for the June/July 1987 IOP for CALI (solid),
EXPI] (long dash) and CAM?2 (short dash): (a) total (TOT ), dynamics (DY)
and parameterizabion (PAR) temperature tendencies, (b) fotal (TCOT), advec-
tion (ADV) and parameterization (PAR ) specific humidity tendencies, (<) meoish
process (MOIST), radiation (RAD ) and PBL parameterization (PBL) tempet-
ature tendencies, and (d) parameterization (PAR ), moist process (MOIST ) and
PEL parameterization (PBL) spacific umidity tendencies.

2

EXPI] ilong dash), and CAM2 (shert dash) for the June /July 1007 IOP: (a)
formation of conden=zate, (b) mainfall evaporation, (o) freezing of rain water
and (d) melting of snow

2

, @ach associated with Zhang-McFarlame deep con-

vaction (ZHANG), Hack shallow comvechion (HACK), and prognostic clowd
parameterization ( CLOUD ).

. Maan day 1 forecast temperature (a) and specific humidity (b) errors for

CAM3 (solid), EXPI2 (long dash), and CAM? (short dash) for the June/July
1087 ICP. Mean forecast 0-24 hour average temperabire tendencies from (c)
formation of conden=mte and (d) rainfall evaporation asscciated with Zhang-
IMcFarlane deep comvection (ZHANG ), Hack shallow comvection (HACK), and
prognosbic cloud parameterization (CLOTD).
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Fig. 5. Mean day 1 forecast temperature (a) and specific umidity (b)) errors for

Fig.

=1

CAM3 (=clid), EXPI3 (long dash), and CAM? (short dash) for the June/July
1087 ICP. Mean forecast 0-24 hour average temperatire tendencies from ()
formation of conden=mte and (d) rainfall evaporation asscciated with Zhang-
IMcFarlane deep comvection (ZHANG ), Hack shallow comvection (HACK), and
prognosbic cloud parameterization (CLOTD).

. Mean forecast 0-24 bhowur overage of temms in the specific humidiby predic-

teon equation for the April JOP for CAMI (=olid), ARM (long dash) and
CAM? (short dash): (a) total (TOT), adveckion (ADV) and parameterization
(PAR). Mean forecast 0-24 hour average Thang-McFarlane deep convechion
(ZHANG), Hack shallow convection (HACIC) and prognostic clond paramestier-
ization (CLOUD) specific humidity tendencies for (b) CAM3 (sclid), EXPA]
(long dash) and CAM? (short dash), (c) CAMS3 (sclid), EXPA? (long dash)
and CAM? (short dash), and (d) CAM3 (=olid ), EXPAZ (long dash) and CAM?
(shork dash).

IMean forecast 0-24 hour average cloud fraction for (a) CARM3I (=olid), EXPA?
(long dash) and CAM? (shork dash) and (b)) CAM3 (=clid ), EXPAZ (long dash)
and CAM? (short dash).



Table 1. Bequential saries of experiments for June, July 1007
with accumulated changes fom CAMI back to CAR2

EXPI1 CAM3I with Zhang comrvective fime acale and
aubocoommreraon coatficient st to CAM2 values

EXPI2 EXPI] with converson between water and ice
amsociated with comrveckive parameterization eliminated

EXPIZ EXPI2 with(l - ¢ ) term eliminated from rainfall evaporation
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Table 2. Bequential sares of experiments for April 1087
with accumulated changes fom CAMI back to CAR2

EXFPA1 CAMI without comvechive dettaimnment of liquid
waber associated with the Hacl: parameterization

ExPA2? EXPAL with Haclk comvechive time =scals st o CAM2 wvalue

ExPAS EXPA? with clowd frackion scheme converted o CAM? scheme

3+
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Fig. 1. Mean day 1 forecast temperature (a) and specific humidity (b) errors for CAMS3 (solid), EXPIL (leng
dash), and CAM?2 (shert dash) for the June/July 1997 IOP. Mean CAMS3 and CAM? climats temperature (e) and
specific humidity (d) errcrs for June/Tuly. All at the ARM SGP site.
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Fig. 2. Mean forecast 021 hour average of terms in the temperature and specific humidity prediction equation
for the June/Tuly 1997 IOP for CAM3Z (sclid), EXPIL (long dash) and CAM?2 (shart dash): (a) total (TOT],
dynamics (Y1) and paramsterization (PAR) temperature tendencies, (b) total (TOT), advection (ADV) and
paramsterization (PAR) specific humidity tendenciss, (c) moist process (BIOIST), radiation (RAD) and PEL
parameterization (PEL) temperature tendencies, and (d) parameterization (PAR), moist process (MOIST) and
PEL parameterization (PEL) specific humidity tendencies.
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convection (HACK), and prognestic eloud parameterization (CLOUD ).
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Fig. 4. Mean day 1 forecast tam perature (a) and specific humidity (k) errors for CAM3 (salid ), EXPI2 (lang dash),
and CAM? (shert dash) for the JTune/July 1997 IOP. Mean forecast O-24 hour sverage temperature tendencies
from (c) formation of condensate and (d) rainfall evaporation sssociated with Zhang-MeFarlane desp convection
(ZHANG), Hack shallow convection (HACK), and prognestic eloud paramsterization (CLOUD).
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Fig. 5. Mean day 1 forecast tem perature (a) and specific humidity (k) errors for CAM3 (salid ), EXP I3 (lang dash),
and CAM? (shert dash) for the JTune/July 1997 IOP. Mean forecast O-24 hour sverage temperature tendencies
from (c) formation of condensate and (d) rainfall evaporation sssociated with Zhang-MeFarlane desp convection
(ZHANG), Hack shallow convection (HACK), and prognestic eloud paramsterization (CLOUD).
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Fig. 6. Mlean forecast 0-24 hour average of terms in the specific humidity prediction equation for the April IOP for
A3 (sclid), ARM (long dash) and CAM2 (short dash): (a) total (TOT), advection { ADWV) and paramsterization
(PAR). Mean forecast 0-24 hour average Zhang-McFarlane deep convection { ZH AMG), Hack shallow convection
(HACK) and prognestic cloud parameterization (CLOUD) specific humidity tendencies for (b) CAM3 (solid),
EXPAlL (long dash) and CAM? (shert dash), (¢) CAMS (solid), EXPA? (lang dash) and CAM?2 (short dash), and
(d) CAMIS (salid), EXPAS (long dash) and CAM?2 (short dash).
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Fig. 7. Mean forecast O-24 hour average cloud fraction for (a) CADS (solid), EXPA?Z (long dash) and CAM? (short
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