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Abstract. To model stratocumulus clouds in the regional cli- because globally, MSc increase the planetary albedo by cov-
mate model, RegCM4.1, the University of Washington (UW) ering the low-albedo ocean with high-albedo clouds that
turbulence parametrization has been coupled to RegCM. Wemit long-wave radiation at a rate comparable to that of
describe improvements in RegCM's coastal and near-coastahe ocean Klein and Hartmann1993. Regionally, MSc
climatology, including improvements in the representation of (and associated coastal fog) moderate coastal temperatures
stratiform clouds. By comparing output from a 27-yr (1982— and are an important source of moisture for coastal ecosys-
2009) simulation of the climate of western North America tems KoraCin et al, 200% Dawson 1998. The climato-
to a wide variety of observational data (station data, satelHogical importance of MSc, and the myriad ways that an-
lite data, and aircraft in situ data), we show the following: thropogenic climate change might affect them, has made
(1) RegCM-UW is appropriate for use in general regional them the topic of a number of recent studies (d/ehl
climate studies, and (2) the UW model distinctly improves et al, 2007 Stevens and Feinggl@009 Park and Brether-
the representation of the marine boundary layer in RegCMton, 2009 and has prompted the improvement of global cli-
These model-data comparisons also show that RegCM-UWnate models (GCMs) in recent years.
has a slight cold bias, a (wet) precipitation bias, a systematic Martin et al. (2000 improved the simulation of cloud-
low bias in the vertically-integrated liquid water content near topped boundary layers in the Hadley Centre global model
the coast, and a high bias in the fractional cloud coverageby implementing the parameterizationlasck et al.(2000),
The model represents well the diurnal, monthly, and interan-which uses a separate diffusivity profile for the clear and
nual variability in low clouds. These results show RegCM- cloudy portions of the boundary laydtthler (2005 imple-
UW as a nascent mesoscale stratocumulus model that is aprented a flux-decomposition approach with a special treat-
propriate for stratocumulus investigations at scales rangingnent of the stratocumulus to shallow cumulus transition in
from hourly to decadal. The source code for RegCM-UW isthe European Centre for Medium-Range Weather Forecast
publicly available, under the GNU license, through the Inter- global model; in one case, this improvement added stratocu-
national Centre for Theoretical Physics. mulus clouds where they had previously been missing, and
it generally increased (improved) the amount of liquid wa-
ter in low clouds.Bretherton and Par2009 implemented
a new moist turbulence paramterization and a new shallow
1 Introduction cumulus parameterization into the Community Atmosphere
Model; Park and Bretherto2009 demonstrate that this ad-
Low-lying stratocumulus clouds, occurring near the top of gjtion reduces the overall climate bias of the model relative
the atmospheric boundary layer, are a dominant feature ofg the original model. These improvements to the represen-

the atmosphere near western coasts. Marine stratocumulygtion of low clouds in GCMs are critical for understanding
clouds (MSc) are a particularly important class of cloud
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how climate might change in the future, given that “cloud (2) to demonstrate that the UW model improves the repre-
feedbacks... have been confirmed as the primary source afentation of marine boundary layer processes and MSc in
climate sensitivity differences” in climate model simulations RegCM at a wide range of temporal scales, and (3) to show
(Meehl et al, 2007). Lauer et al(2010 have demonstrated that adding the UW model adds physically realistic stratocu-
that regional climate models (RCMs) can provide a valuable mulus clouds to RegCM.
additional modeling framework in which to study MSc and  We provide a general description of RegCM 4.1 and the
their sensitivity to climate. specifics of its coupling to the UW model in Se@sand 3.
Regional climate models (RCMs) have increasingly beenWe show that the long-term climatology of RegCM4.1 with
used to study climate change (eSmyder et a].2003 Leung  the UW model (RegCM-UW) matches well with a variety
et al, 2004 Kueppers et a].2005 Steiner et al.2006, yet  of climatological observations over western North America
there have been very few RCM studies that investigate posin Sect.5. A comparison of model output from the default
sible changes in MSc resulting from anthropogenic climateRegCM4.1 and RegCM-UW with in situ data from three
change. There is a lack of such studies because most RCMgratocumulus field experiments (two from North America
are incapable of simulating MSc; only a few recent studiesand one from South America) shows that the UW model
have shown improvements in RCMs that render them ablegenerally improves the physical representation of the ma-
to simulate MScBretherton et al(2004g andMcCaa and  rine boundary layer in RegCM; in particular, the UW model
Bretherton(2004) coupled the moist turbulence parametriza- adds realistic stratocumulus clouds to RegCM (presented in
tion of Grenier and Brethertoi200]) (hereafter referred Sect.6). We present the climatology of stratocumulus clouds
to as the “UW” turbulence parametrization) to the National from RegCM-UW, and compare it with satellite-based cli-
Center for Atmospheric Research (NCAR) Mesoscale Modelmatologies in Sect7, to show that RegCM-UW simulates
5 (MM5). These studies show that coupling the UW model well the climatology of stratocumulus clouds at a variety of
to MM5 improves simulation of MSc relative to the other temporal scales.
turbulence parametrizations available in MM5. Additionally,
Wang et al.(20043ab) and Lauer et al.(2009 demonstrate
that the recently-developed International Pacific Researcl Description of RegCM4.1
Center (IPRC) regional climate model is capable of simu-
lating MSc (the IPRC model uses ancBurbulence closure  The International Centre for Theoretical Physics’ regional
parametrization, which differs completely from that used by climate model, RegCM version 4.1 (hereafter referred to as
Grenier and Brethertqr2001). Wang et al.(2005 used the RegCMA4.1) is a three-dimensional mesoscale model that is
IPRC model to investigate the climatological impact of MSc nearly identical to RegCM3Ral et al, 2007 in terms of
on atmospheric circulation, andauer et al.(2010 used physical parametrizations. Major changes in the model from
the IPRC model to show that global warming may reduceversion 3 to version 4.1 include the following: the inclu-
MSc coverageWyant et al.(2010 show that the Weather sion of the Community Land Surface Model v3.5 (CLM3.5)
and Regional Forecasting (WRF) model, depending on itsas an optional land surface parametrization, a new optional
configuration, can reasonably reproduce the cloud fractiorparametrization for diurnal SST variations, and a major re-
and boundary layer fields height observed in October 2006structuring (modularization) of the code base. RegCM4.1
though it tends to underestimate the mean and the diurnal cyand its evolution from RegCM3 is fully described in an up-
cle of cloud liquid water path. In an intercomparison of var- coming special issue of Climate Revie@iorgi et al, 2012,
ious atmospheric model¥yyant et al.(2010 demonstrate  but some salient details are repeated here.
that this level of performance is common for state-of-the-art RegCM4.1 treats two types of clouds: convective (sub-
regional climate models, global climate models, and operagrid scale) and large-scale. For the stratocumulus region in
tional forecast models alike. RegCM, large-scale clouds are dominant. RegCM4.1 treats
The International Centre for Theoretical Physics’ RCM, large-scale clouds in a relatively simple manner, following
RegCM, is a powerful tool for the RCM community both the work of Pal et al.(2000: any grid cell whose relative
because it is freely available under the GNU license and behumidity is above some threshold (nominally 80 %) will be-
cause it has a broad international group (the RegCNET) thagiin to have fractional cloud coverage. Cloud water, which is
supports its useRal et al, 2007, Giorgi et al, 2012. Unfor- a prognostic variable in the model that is advected and dif-
tunately, RegCM lacks the ability to simulate stratocumulusfused, is added to the grid cell in proportion to the cloud
clouds, and so this widely-used RCM is incapable of beingfraction. Grid cells with relative humidity above an upper
used in studies like that a¥ang et al(2005 andLauer etal.  threshold (nominally 101 %) have maximal fractional cloud
(2010. To work toward correcting this deficiency, we have coverage. Clouds precipitate when their in-cloud liquid water
coupled the UW turbulence parametrization to RegCM. Thiscontent exceeds a temperature-dependent threshold. Precipi-
manuscript has three main purposes: (1) to demonstrate thaation is assumed to reach the surface within the model’s time
RegCM with the UW model has a climatology that comparesstep, which is typically on the order of 1-2 min. On descent,
as well (or better) to observations as the original RegCM,a fraction of the auto-converted precipitation accretes with
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cloud water below its origin, and a fraction of the precipita- 3 UW TCM description and coupling details
tion evaporates into sub-saturated grid cells below the cloud

base. To include the physical processes necessary for maintain-
RegCM4.1 uses the CCM3 radiation packageell etal,  jng a stratocumulus deck, we have replaced the Holtslag
1996, which is a relatively simple one-dimensional radia- poundary layer model with the more general turbulence clo-
tion model that divides radiation into multiple short and long gyre parametrizatiGrof Grenier and Bretherto(2001) and
wavebands and separately considers the transmission, scaretherton et al(20043 (the UW model).
tering, absorption, and emission (if applicable) of each band. The UW model is a 1.5-order, local, down-gradient diffu-
In terms of cloud radiative properties, the cloud liquid water gjgn parametrization. While both the Holtslag and UW mod-
path is calculated from the prognostic liquid water content,e|s parametrize the vertical diffusivities and viscosity as the
and all but the highest (coldest) clouds are assumed to havgroduct of a length scale and a velocity scale, the Holtslag
a mean droplet radius of 10 pm. model bases its velocity scale on surface conditions, whereas
The default boundary layer parametrization is based onthe Uw model uses local turbulent kinetic energy (TKE) to
the work ofHoltslag et al(1990 andHoltslag and Boville  getermine the velocity scale. TKE is determined prognosti-
(1993 (hereafter referred to as the “Holtslag model”). The cajly as the balance of buoyant production/destruction, shear
Holtslag model is a non-local first-order, down-gradient dif- production, dissipation, vertical transport, and horizontal dif-
fusion parametrization with an additional term to account for fsion and advection: the buoyant production term explicitly
counter-gradient diffusion. Essentially all of the physics of accounts for production of TKE by cloud-top radiative cool-
turbulent mixing is contained within the diffusion coefficient. ing (it assumes that all of the divergence takes place right
The diffusion coefficient at every height in the model is an at the top of the cloudGrenier and Bretherto(2001). The
empirical function of both surface conditions (surface buoy- yw TCM also explicitly parametrizes the entrainment pro-
ancy flux and surface StreSS) and fractional he|ght within thecess and accounts for enhancement Of entrainment by evapo_
boundary layer. This diffusion parametrization is based onration of cloudy air into entrained air, which is hypothesized
the similarity theory ofTroen and Mahri(1986. Because tg pe an important process in the breakup of MSc (eilty.,
the diffusivity is only a function of surface conditions, this 1968 Nicholls and Turton1986.
diffusion parametrization implicitly assumes that the turbu-  The UW TCM code that is coupled to RegCM4.1 is essen-
lence within the boundary layer is generated entirely fromtja|ly identical to the code used WBretherton et al(20043
the surface. The model is described as non-local, becausghdmcCaa and Bretherto(2004), with two notable excep-
the diffusivity at every height is dependent on bulk bound-tjons: a different length scale parametrization and a differ-
ary layer properties (i.e. surface conditions and boundaryent surface layer parametrizatidBretherton et al(20043
layer height), and not on the conditions occurring only at thatset the master length scale (used in the calculation of diffu-
height (the local conditions). sivities, TKE dissipation, and entrainment) simplylaskz,
None of the versions of RegCM thus far, including ver- \yhereasGrenier and Bretherto(2001) used the Blackadar
sion 4.1, have been capable of simulating MSc; see Sectength scale of = kz/(1+kz/A), wherex is a constant times
6 and 7.1 The lack of stratocumulus is likely because the the BL height (the constant is a tunable parameter @rat
Holtslag model only considers surface-related sources of turnjer and Brethertor2001set as 0.085)Grenier and Brether-
bulence; it entirely neglects cloud-top radiative cooling as aton (2001) argue that their length-scale formulation allows
source of turbulende Without this source of turbulence, the the model to maintain a self-similar TKE profile (i.e. the TKE
occurrence of BL clouds over the ocean, with the Holtslagprofile maintains a consistent, geometrically similar shape
model, will be limited to areas and times where surface-basegs the boundary layer height changes), consistent with ob-
convection or mechanical mixing is strong enough to trans-seryations, as the boundary layer profile changes; it is not
port moisture from the surface above the lifting condensa-clear from theBretherton et al(20041 study whether this is
tion level (LCL). Without the cloud-top source of turbulence, the case fof = kz. We agree with the arguments Gfenier
the clouds will dissipate once the impetus for vertical mixing gnd Brethertorf2001) about the benefits of using the Black-
ceases. In this view, the Holtslag model lacks a crucial con-5qar length scale, and so we added an option to RegCM4.1

nection in the feedback loop that allows stratocumulus cloudsg yse either length scale formulation when using the UW
to be self-sustaining.

2Though both the Holtslag and UW models primarily deal with
transporting prognostic quantities in the vertical, we distinguish the

170 be precise, the radiation parametrization implicitly includes UW model from a boundary layer scheme, followiBgetherton
cloud-top radiative cooling, so that cloud-top cooling affects the et al. (20043, because it determines the vertical mixing due to
temperature profile with the Holtslag model. In this sense, cloud-turbulence in areas above the planetary boundary layer as well as
top radiative cooling indirectly affects turbulence in the Holtslag within. The Holtslag model remains in the code as an optional al-
model. ternative to the UW model.
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TCM3; we use the Blackadar length scale for these experi-
ments. Also in contrast tBretherton et al(20043, the sur-
face enthalpy, moisture, and momentum fluxes are calculatedoen -
in the RegCM land surface model, which can be either the
Biosphere—Atmosphere Transfer Scheme (BATSicKin-

son et al. 1993 Giorgietal, 1993 or CLM3.5 (Oleson et al. 30°N
2008 Tawfik and Steiner2011). o5oN

45°N 4

20°N

4 Description of model domains

I
150°W 140°W  130°W  120°W  110°W 100°W

In the following section, the experimental details are de- o _
scribed, by domain, for the two domains used in this study:Fig. 1. The topographic height (m) of the western North America

western North America and western South America. (WNA) domain. The solid black box shows the furthest boundary
of the buffer zone. The dashed black box shows the area used for

averaging in Secft.2, the solid line shows the trace of the transects
shown in Sect7, and the small red squares and green circles show
the locations of field experiments (POST and DYCOMS |, respec-
tively) presented in Sed. All figures on this domain are presented
with the buffer zone removed.

4.1 Western North America

All model results shown for western North America (abbre-
viated WNA) were created with RegCM-UW on a 50 km hor-
izontal resolution Lambert Conformal Conic grid centered at
37N, 123 W, see Fig.1l. The domain center and domain
extent were the two main aspects that guided the choice of
this domain: it is chosen to have its center over California’ssimulation are removed to allow for model spin-up. With
coastline and to extend westward sufficiently far to allow de-the spin-up time removed, both runs span exactly 25 model
velopment of MSc. The domain’s eastward extent is choseryears. All figures that show a climatology use data (or a sub-
to avoid cutting high topography on the main model out- set) from one of these two runs; the exact subset of the data
flow boundary, and its latitudinal extent is such that Cali- depends on the observational data to which the model output
fornia is well outside of the model's buffer region (shown are compared. These two runs will be referred to as WNA-
in Fig. 1). The lateral boundary conditions for this domain UW-LONG and WNA-HOLT-LONG, respectively.
are provided by data from the 6-hourly NCEP-DOE Reanal- Two short simulations (again, one UW run and one Holt-
ysis 2 (NNRP2) Kanamitsu et a).2002, and the sea surface slag run) were run with 30 vertical levels on the WNA do-
temperatures are provided from the monthly mean Nationamain from 1 July 2001 to 31 August 2001. These two sim-
Oceanic and Atmospheric Administration (NOAA) Opti- ulations are only used for the comparison of model output
mum Interpolation Sea Surface Temperature V2 (OISST)against data from the Dynamics and Chemistry of Marine
data set (Reynolds et a).2002). Stratocumulus experiment (DYCOMS 1), which is presented
Four simulations on the WNA domain are presented: twoin detail in Sect6. These runs will be referred to as WNA-
using the UW model with th&renier and Brethertof2001) UW-SHORT and WNA-HOLT-SHORT, respectively.
length scale formulation, and the other two using the Holtslag
model. All four simulations on this domain use the BATS 4.2 \Western South America
land—surface modeDjckinson et al. 1993, and the Grell
convection scheme with the Arakawa and Schubert closurt?:Or comparison with results from the VAMOS Ocean—

assumption Grell, 1993. The four runs differ in their start Cloud—Atmosphere—Land Study Regional Experiment (VO-

date and duration, their vertical resolution, and the boundar;tALS. described further in Sed. we use the domain shown
layer model. Tabld summarizes the experiment names andin Fig. 2, which is centered over western South America

their specific ponfig_urations. (WSA). Two simulations (a UW and a Holtslag run) were run
Two long simulations (one UW run and one Holtslag run) o, yhis domain with 30 km horizontal resolution and 30 ver-

were run with 23 vertical levels on the WNA domain from ;o jevels, on a Lambert Conformal Conic grid centered at
1 June 1982 to 30 November 2009; the first 18 months of_200 S, 70 W. The domain was chosen mainly so that it is

3Bretherton and Par2009 also use the Blackadar length scale ﬁgr;]teredhapproxmately over the Iocliatt)llonkof the VOC?"?
in the version of the UW TCM that they coupled to the Community ights (shown as an aggregation of black squares off the

Atmosphere Model, which indicates that the Blackadar length scalé*0a@st of Peru). The simulations for this domain were started
may be the better choice on 1 October 2008 and run through 30 November 2008. The

4NCEP.Reanalysis 2 and NOA®I_SST.V2 data provided by !ateral boundary conditions and sea surface tempera_tures are
the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their interpolated from the NNRP2 and OISST dakagamitsu
Web site ahttp://www.esrl.noaa.gov/psd/ et al, 2002 Reynolds et a).2002. These domains will be
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Table 1. A list of the various RegCM runs used in this study and their relevant parameters.

Domain Abbrev. Study area BL model Run duration Horiz. Res. Vert. Res.
(km)  (# of levels)
WNA-UW-LONG western North America  UW Dec 1982—-Nov 2009 50 23
WNA-HOLT-LONG  western North America  Holtslag Dec 1982—Nov 2009 50 23
WNA-UW-SHORT western North America UW Jul 2001-Aug 2001 50 30
WNA-HOLT-SHORT  western North America  Holtslag Jul 2001-Aug 2001 50 30
VOCALS-UW western North America UW Oct 2008—Nov 2008 30 30
VOCALS-HOLT western North America  Holtslag Oct 2008—Nov 2008 30 30

NASA/Goddard Space Flight Center’s Laboratory for the At-
mospheres as a contribution to the GEWEX Global Precipi-
tation Climatology Project.

The wet season temperatures (F3g. and c) tend to be
low with the UW model over much of the WNA domain,
though the cold bias is typically less than about 4K (it is
2.5K on average). More importantly for the success of sim-
ulating MSc, however, is that the dry season temperatures
(Fig. 3b and d) agree well with the CRU data. The model
/ exhibits a slight cold temperature bias during the dry sea-
QOLW BOLW oW so"W so"W son, thoqgh it is limited to less than 2K over most of the

domain (it is 0.6 K on average). The temperature biases for
Fig. 2. The topographic height (m) of the western South America the HOLT run are similar in spatial pattern to those shown
(WSA) domain. The inner black box shows the furthest boundaryin Fig. 3, though they are smaller on average: a 1.0K cold
of the buffer zone._The sma!l green c_ircles show flight _Iocations bias for the wet season, and a 0.02K cold bias for the dry
from the VOCALS field experiment, which are presented in SBct. gaaz50n. Initial tests with RegCM-UW showed that it tended

to produce a severe cold bias in all seasons. Investigation of

this cold bias revealed that the land surface albedos in the
referred to as VOCALS-UW and \,/OCALS'HOLT (a!so, S€€ BATS model were systematically too high compared with
Tablel). Results from these domains are presented in 8ect. \1qp|s data (comparison of temperature profiles between
the Holtslag and UW models during stable conditions (not
shown) suggests that relatively strong mixing during stable
conditions tends to mask this problem when using the Holt-
slag model). Using a version of the procedure described by
O’Brien et al.(2012, we adjusted the land surface albedos so
By comparing output from RegCM-UW with observational thatthey approximately match those from MODIS. However,
data from several sources, we show that RegCM_UW gener[his adjustment was done dUring the early stages of develop—
ally does a good job of simulating the temperature and preing the technique described @'Brien et al. (2012); after
cipitation climatology of western North America. For vali- the runs for this study were complete, we discovered an is-
dation of the temperature and precipitation climatology overSue in the albedo adjustment algorithm that tended to keep
land, we compare RegCM with the CRU TS 3.0 data setthe surface albedo values higher than in MODIS (though it
(Mitchell and Jones2005. The CRU data are an aggrega- Still lowers them relative to the original albedos). While the
tion of station-based observations to a 0.5-degree resolutiod!Pedo values for the WNA runs shown in this manuscript
grid. For validation of precipitation over the ocean, we useare lower than the original albedos, and the temperature bias
the Global Precipitation Climatology Project (GPCP) ¥2.1 is strongly reduced relative to runs with the original albedos,
data set. The GPCP precipitation data are a combination ofPPplication of the corrected adjustment algorithm will lower
satellite and rain-gauge measured precipitation rates, avefhe albedos further. We did not rerun the WNA runs because
aged by month from 1979 to 2009 onto a 8.5 degree  Of computational cost, but we anticipate that correct applica-

lower the slight cold biases shown in F&g and d.

SGPCP data provided by the NOAA/OAR/ESRL PSD, Boulder,  Figure 4 shows the precipitation climatology for the wet
Colorado, USA, from their Web site &ttp://www.esrl.noaa.gov/ and dry seasons, and the corresponding difference compared
psd/

10°S

15°S

20°8

25°S

5 Climatology validation

5.1 Temperature, precipitation
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40°N
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25°N

40°N
35°N
30°N
25°N A

140°W 130°W 120°W 110°W 100°W 140°W 130°W 120°W 110°W 100°W
L N
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Fig. 3. Near-surface temperature climatology in RegCM-UW (top row), and difference (MODEL-OBS) relative to the Climate Research Unit
(CRU) TS3.0 data seMitchell and Jones2005. The left column shows the wet season average (November—April), and the right column
shows the dry season average (May—Octolfa))Modeled 2-m temperature wet season avef(@ydlodeled 2-m temperature dry season
average(c) RegCM-UW wet season temperature bias, ed)dRegCM-UW dry season temperature bias. Differences smaller than 2K are
shown as white.

to the CRU and GPCP data. The spatial patterns of precipauto-conversion across the whole WNA domain. Either way,
itation for both the wet and dry seasons are similar to thefurther work needs to be done to reduce the high precipitation
patterns from the CRU and GPCP data, but the model showbias in RegCM-UW.

a general tendency to overemphasize the rainy areas in the The UW model improves the representation of interannual
Pacific Northwest. The precipitation bias over the Pacificvariability, both in coastal areas and in strictly inland areas:
Northwest is 2-3 mm day* during the wet season, which is Fig. 5 shows a Taylor diagram comparing both the UW and
20-100 % too high, depending on the area. During the dryHoltslag models with the CRU data. We define coastal ar-
season the precipitation bias is less than 0.5 mmbtégnd  eas as land grid cells that have adjacent ocean grid cells,
less than 50 %) over most of the domain, though it reachegnd we define inland areas as land grid cells that are not
about 1 mmday! (which corresponds to an approximately coastal grid cells (and neither area includes the buffer zone).
100 % bias) in the northern portion. The average precipita-As explained byTaylor (2001), Taylor diagrams can simul-
tion bias over land is 0.6 mm day for the wet season and taneously show the correlation)(of a model (RegCM-UW)
0.3mmday? for the dry season. For almost all ocean ar- against a reference data set (CRU and GPCP), the variability
eas in both the wet and dry seasons, RegCM-UW is withinof the model compared to the reference data set, and the root-
0.5mmday! of the mean precipitation rates reported in the mean squared difference between the model and reference.
GPCP data set. These biases are quite similar, in terms dh Fig. 5, temperature and precipitation are averaged each
magnitude and spatial pattern, to the biases from the standargkar for the UW run, the Holtslag run, and the CRU/GPCP
version of RegCM, although the average wet season bias idata for coastal areas and for inland areas. This produces
slightly higher (by 0.04 mm day'), while the dry season bias area-average time-series, with points for each year between
is slightly lower on average (by 0.02mmddy. The use of December 1984 and November 2005 for both model runs
the UW model and the new land albedos may require re-and the CRU/GPCP data. The correlations shown in Fig.
tuning of the auto-conversion parametrization to reduce theare the time-series correlations between the UW run and
excessive precipitation in the wet season. Alternatively, weCRU/GPCP and between the Holtslag run and CRU/GPCP,
are currently working on implementing the auto-conversionfor three different areas (inland areas, the coast, and the
parametrization dfiu et al.(2006 andLiu and Daum(2004 ocean). Similarly, the normalized standard deviations are the
in RegCM as a way to represent the (warm rain) drizzle pro-ratio of the standard deviations of the time-series between the
cess for stratocumulus clouds in a more physically realistic-UW run and CRU/GPCP and likewise for the Holtslag run.
and parametrically constrained—manner. It is possible thafTemperatures over the ocean are not shown because SSTs are
this new parametrization may improve the representation oprescribed in RegCM-UW.
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40°N
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40°N
35°N
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25°N
140°W 130°W 120°W 110°W 100°W 140°W 130°W 120°W 110°W 100°W
mm/day mm/day

5-4-32-1012345 5-4-32-1012345
Fig. 4. Precipitation climatology in RegCM-UW (top row), and its difference relative to the CRU (land) and GPCP (ocean) datasets (bottom
row). The left column shows the wet season average (November—April), and the right column shows the dry season average (May—October):
(a) modeled wet season average precipitation i@emodeled dry season average precipitation rafeRegCM-UW wet season precip-

itation bias (MODEL-OBS), andd) RegCM-UW dry season precipitation bias (MODEL-OBS). The color bars for the upper panels are
logarithmic to the spatial structure of both high and low precipitation areas. The color bars for the lower panels are linear, and differences
less than 1 mm day* are shown as white.

Figure5 shows that the interannual variability of the UW
run matches better with CRU (the red points are closer to

S = N the dashed arc in the middle of the diagram) for both coastal
& and inland precipitation (points 3 and 4), as well as coastal
_ 150 L 6 » Holtslag temperature (point 1). Of all the changes in interannual vari-
g ° Uw ability associated with adding the UW model, improvement
‘s |0 of coastal temperatures and of inland precipitation are the
§ 25 most notable. We attribute the improvement of coastal tem-
=3 perature directly to the improved representation of the marine
§ 1.00 —=~~L_ I boundary layer (which we demonstrate in the next section).
® NG *’4 It is less clear why the UW model improves inland precipi-
g’ 0.75 - AN tation. Comparison of the UW and HOLT runs indicates that
3 LN convective precipitation in the UW run is significantly less,
5 95 in terms of magnitude and variability, than in the HOLT run.
S 050 Q. Wi . - . . . Lo
8 1 e attribute this reduction in convective activity in the UW
3 12 - %oastt IT3<=,mp run to a reduction in the near-surface temperatures (typically
D .25 \ 50 Inand Temp -\ 0.99 about 1K), which should directly reduce the amount of con-
: ! g‘:B'c%’;% I;rreé%% vectively available potential energy, since the level of free
0.00 ! ! ! | ! I PP convection should be higher on average.
025 050 0.75 1.00 125 1.50 The UW model also slightly improves the interannual cor-

_ ) _ relation of inland precipitation (the angle of the line connect-
Fig. 5. A Taylor diagram showing the performance of RegCM Vs. g the origin and point 4 is lower for the UW run than the
CRU fc.’r .the uw and Holtslag models on the WNA P'Or?“a'”- The Holtslag run), and it slightly does the same for coastal tem-
analysis is divided between temperature and precipitation and be- . .

; . : peratures. The UW run slightly worsens the interannual cor-
tween coastal grid cells and inland grid cells. . oo . .
relation for coastal precipitation (point 2), and it does noth-

ing to change either the variability or correlation of inland
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Fig. 6. Profiles of potential temperature (top row), specific humidity (middle row), and liquid water mixing ratio (bottom row) from the 13 of the 17 research flights of the Physics
Stratocumulus Top experiment (POST; plotted in black), plotted with comparable data from RegCM with the UW model (red) and Holtslag model (blue). For visual reference, @m gray,
dashed lines represent the discretized cloud top and cloud base from the POST data. Each column represents a research flight (RF). The height scale is the same for mmo:%_oﬁ and th
horizontal scales are identical among like variables.
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temperature (point 3). The UW run slightly improves the in- data coverage in the entrainment interface layer, but it peri-
terannual variability of oceanic precipitation compared to theodically surveyed the entire depth of the BL.
Holtslag model, though it slightly worsens the actual correla- Figure 6 shows a set of three vertical profiles from each
tion between the model output and the observations (GPCPRPOST research flight. The in situ data are plotted as black cir-
The correlation between the model runs (both UW and Holt-cles, with the UW and Holtslag simulations of each field ex-
slag) and CRU is generally quite high; the correlation coeffi- periment shown as red squares and blue crosses, respectively.
cient is between 0.9 and 0.95 for temperature and for coastdtach research flight has a profile of potential temperatte (
precipitation, it is nearly 0.8 for oceanic precipitation, and it water vapor mixing ratior{,), and liquid water mixing ratio
is about 0.7 for inland precipitation. Generally, in terms of (). For compactness, the height scale for the vertical pro-
gross climatology, the UW run reduces the magnitude of thefiles, which is logarithmic to emphasize the boundary layer,
model’s interannual variability to a more realistic level. is only shown in the first column. These three figures are for-
matted in this way to show the general success of RegCM
at modeling the vertical structure of the atmosphere, and to
illustrate differences in the boundary layer structure between
6 Comparison with field experiments the Holtslag and UW runs.
It is striking in Fig.6 that the modeled boundary layer and
To show that the UW TCM produces MSc in a physically re- free tropospheric profiles af, ry, andr show a high de-
alistic manner, we compare simulated vertical profiles of po-gree of similarity to the profiles measured during POST. The
tential temperature, water vapor mixing ratio, and in-cloud pOST data, as well as both model runs, show a very well-
liquid water mixing ratio with data obtained from three mixed boundary layer capped by a stable, dry, free tropo-
field experiments: the second Dynamics and Chemistry ofsphere. The Holtslag and UW model runs hardly differ from
Marine Stratocumulus experiment (DYCOMS Iiptevens  each other, yet the small amount that they do differ makes the
et al, 2003, the Physics of Stratocumulus Top (POST) ex- difference between whether or not the model exhibits MSc.
periment, and the VAMOS Ocean—Cloud-Atmosphere-Land Close examination of the water vapor profiles shows that
Study Regional Experiment (VOCALS)R@hn and Gar- even on days where the boundary layer heights agree be-
reaud 2010ab). tween the Holtslag and UW runs (e.g. RF's 02 and 03), the
For all three field experiments, only data collected in the H0|ts|ag model is S||ght|y drier near the top of the bound-
target region of each research flight are utilized; the in-boundgry |ayer. Given that the boundary layer water vapor mix-
and out-bound portions of the trips are discarded. The RCMng ratios are nearly identical for the UW and Holtslag runs,
output are averaged in time over the course of the each rethey should have the same lifting condensation level (LCL),
search flight (output was saved every model hour for eachyhich clearly occurs below the boundary layer top in the UW
of the field experiment time periods) and bilinearly interpo- run. Despite having the same LCL, the slight dryness near the
lated horizontally to the average latitude and longitude oftop of the boundary layer precludes the Holtslag run from
the flight. Instead of vertically interpolating the RCM out- reaching saturation, which results from the Holtslag model
put, the field experiment data are averaged in vertical binsfajling to maintain a well-mixed boundary layer all the way
The boundaries of the vertical bins are chosen such that theyp to the top. This failure is likely due to the specification

correspond to the geopotential heights of the edges of thef vertical diffusivities in the Holtslag model, which are con-

RCM'’s model levels. strained to approach zero at the top of the boundary layer
(Holtslag and Boville1993. In contrast, the UW model pro-
6.1 Flight-by-flight comparison with POST duces turbulence from the tops of cloud layers, which allows

the diffusivity to remain relatively high under cloudy condi-
Comparison of the model output with in situ data from the tions even at the top of the boundary layer. This cloud-top
POST experiment shows that the UW model generally im-production of turbulence allows for a feedback, which was
proves the vertical structure of the boundary layer in RegCM.originally identified byLilly (1968, that causes the boundary
The POST field experiment was conducted in July and Au-layer to remain well-mixed (and maintain a supply of mois-
gust 2008 and consisted of 17 research flights betweerture to BL clouds despite the drying effects of entrainment)
16 July and 15 August, though we use a subset of 13 of theseven near the top of the boundary layer.
research flights for clarity in Fig (the 13 flights were cho- The UW model generally improves the representation of
sen at random). The flights took place in both the afternoorMSc over the Holtslag model: on RFs 02, 11, and 12 the
and evening off the coast near Monterey, California. The lo-UW model correctly predicts MSc when the Holtslag pre-
cations of the 13 research flights used in this study are showdicts none, yet there are no days where the reverse occurs.
as red squares in Fid. The research flights were conducted There are 2 days where the UW model predicts no MSc when
in a lagrangian fashion, so that the plane approximately samit should (RFs 04 and 13), and one day where the modeled
pled the same air mass throughout the flight. The airplaneMSc is present but dramatically too thin (RF 06). Further-
mainly porpoised in and out of the cloud layer to maximize more, on most of the days that the Holtslag model predicts
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low cloud, it has an unrealistically low cloud base (RFs 05, DYCOMS Il was composed of a series of 10 research
10, 14, 17). While the UW model is somewhat sporadic inflights several hundred kilometers off the coast of Southern
its placement of the top of the cloud (the inversion height), California during the month of July 2001, during the peak of
it produces a realistically high cloud base. On average, cloudhe MSc season. The locations of the research flights (RF)
base for the Holtslag model occurs at approximately 80 m,used in this study are shown as green circles in Eig.he
whereas it averages 370 m for both the UW model and thdlights were done primarily at night to avoid the complica-
POST data. tion of solar heating in the boundary layer energy budget.

The BL top temperature inversion, measured by the jumpTo compare with the DYCOMS Il data, we use model output
in potential temperature above the boundary layef.tig  from the WNA-UW-SHORT and WNA-HOLT-SHORT runs,
stronger on average in the UW runs (7.0K) than the Holt-which are described in Seet.1 These runs are shortened,
slag runs (5.5 K), which is closer to the average strength fromone-month versions of the longer WNA experiments (WNA-
the flight profiles (9.9 K). The thorough mixing at the top of UW-LONG and WNA-HOLT-LONG) but with higher verti-
the boundary layer due to cloud-top radiative cooling, whichcal resolution: 30 model levels instead of 23 (the additional
the Holtslag model lacks, is responsible for developing thelevels are concentrated below approximately 1 km). We ini-
strong temperature inversions seen in both the POST dattally compared output from WNA-UW-LONG, but we were
and the UW run. surprised to find that UW model did not simulate MSc in

The height of the inversion appears to vary too much forthe DYCOMS Il area during most of the research flights.
the UW model (e.g. RFs 04, 08, 11), but on average the in-A sensitivity test indicated that the model's vertical reso-
version height is higher in the UW run than the Holtslag run, lution has a significant impact on the simulation of bound-
putting it closer to the observed inversion height. The inver-ary layer profiles. With 30 vertical levels, which is shown in
sion height averages 450 m, 540 m, and 620 m for Holtslagthe comparison in FigZ, the UW model produces MSc dur-
UW, and POST, respectively. Overall, the clouds in the UWing all of the research flights. This performance in simulat-
model are either too thin or do not have high enough lig-ing stratocumulus occurrence is notably better than from the
uid water mixing ratios, leading to a low bias in integrated lower-resolution (and longer integration) WNA-UW-LONG
liquid water content (liquid water path; LWP). LWP in the in comparison with POST data; this is likely due to the in-
Holtslag run averages 36 gmh the UW run does slightly creased vertical resolution, though this should be a topic of
worse at 31 gm?, while the POST data average 80gm  future study. Despite the increased vertical resolution, the
The Holtslag model's LWP are higher on average becausenodeled liquid water path is systematically too low: the
the modeled BL clouds span from the surface to the BL topexperiment-average LWP calculated on this vertical grid is
on the four of the five days (RFs 08, 10, 14, and 17) where45gnt2 for the UW model in contrast to 124 gt from
the Holtslag model simulates BL clouds. the flight profiles.

Considering that these runs have ample time (i.e. more The VAMOS Ocean—Cloud—-Atmosphere—-Land Study Re-
than 20 model years) to develop mesoscale circulations thagional Experiment (VOCALS) is a field experiment that took
are not influenced by initial conditions, and that may differ place off the coast of South America between 15 Octo-
considerably from the circulations in the coarser boundaryber 2008 and 15 November 2008. A wide variety of platforms
condition data\fon Storch et a).2000), it is remarkable that and instruments were involved in the collection of data dur-
the thermodynamic profiles match the POST data as closelyng the VOCALS campaign, as described Rghn and Gar-
as they do. Such successful modeling of the vertical structureeaud(2010g, but this section focuses specifically on data
of the lower troposphere, after 25 yr of model simulation, at- collected by the CIRPAS Twin Otter. On the 14 flights of the
tests to the potential for regional climate models to successTwin Otter, the flights took off consistently at about 11:00Z

fully dynamically downscale reanalysis data. (08:00LT) and landed by about 16:00Z (about 13:00LT),
_ . with the exception of RFs 01 and 08, which started and ended
6.2 Comparisons with DYCOMS Il and VOCALS about three hours later than the other research flights. A main

. . . . goal of the Twin Otter mission was to consistently sample the

In this sectl_onZ we briefly describe the DYCOMS Il and same approximate location (approximately 23 72 W) at
VOCALS missions, and the model runs used to comparéyq same time of day for the duration of the mission. The do-
with them. Most of the salient details of these comparisonsy, »in yilized in this study is shown in Fig, and is described
are similar to that from POST, so thg discussion here. 'Sin detail in Sect4.2 Figure8 shows data from the VOCALS
much shorter. Data from these comparisons are synthesme,;ﬂghtS and the VOCALS-UW and VOCALS-HOLT runs.
in Sect.6.3 the main purpose of this section is to provit_je Unlike DYCOMS Il and POST, the UW and Holtslag runs
bacl_<ground for these runs.and to show data f“?m the flightygre, substantially in the vicinity of the boundary layer top.
profiles that are presented in a condensed form in Bet. This difference appears to be due to a combination of the

6Note that these jumps occur on the finite model grid, whoseHoltslag model failing to develop a deep enough boundary

spacing varies between about 125 m and 175 m for the the range datyer and failing to develop a strong enough inversion on
boundary layer depths shown. most days. In general, the boundary layer depths in VOCALS
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Fig. 7. Profiles of potential temperature (top row), specific humidity (middle row), and liquid water mixing ratio (bottom row) from 7 of
the 10 research flights of the second Dynamics and Chemistry of Stratocumulus Experiment (DYCOMS |I; plotted in black), plotted with
comparable data from RegCM with the UW model (red) and Holtslag model (blue). Each column represents a research flight (RF). The
height scale is logarithmic and is the same for each plot, and the horizontal scales are identical among like variables.

are deeper than either DYCOMS Il or POST; the BL height RegCM at representing the vertical structure of the atmo-
is typically 1 km or greater. While the UW model tends to sphere over the ocean: (1) RegCM forced by NCEP Il re-
predict a deeper boundary layer than the Holtslag model, ianalysis has a surprisingly good representation of the lower
still tends to be too shallow relative to the observed boundarytroposphere, (2) the addition of the UW model substantially
layer. Despite this low boundary layer bias, the UW modelimproves that representation by adding MSc (and associated
places the BL top above the lifting condensation level on allprocesses) to the model, and (3) RegCM with the UW model
but two days (RFs 03 and 13). In contrast, the Holtslag modekystematically under-predicts the integrated water content of
only predicts low cloud on one of the 13 days (RF03), and asMSc. Stevens et al(2005 indicate that large-eddy simula-
with DYCOMS Il and POST, the cloud base from the Holt- tions suffer from a similar problem due to excessive entrain-
slag run is unrealistically low. As shown in DYCOMS Il and ment; entrainment may also be the culprit here. It is possible
POST, the UW model seems to have a systematic low bias ithat tuning the evaporative feedback parameter in the UW
liquid water path: it is 31 gm? on average for the UW run model (which is poorly constrained) could help this bias. A

compared to 53 g ¥ from the flight profiles. future study should examine the impact of this parameter
in RegCM to see whether a value can be chosen that im-
6.3 Field experiment summary proves the LWP. Such a study will have to take care that re-

tuning this parameter does not degrade the overall represen-
All three field experiments, which represent a range of MSctation of the boundary layeGrenier and Brethertqr2001).
conditions (daytime, nighttime, nearshore, offshore, deep)t may also be worth investigating whether other entrain-
shallow), tell a common story about the general success ofment parametrizations can improve the LWP bias. It is also
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Fig. 8. Profiles of potential temperature (top row), specific humidity (middle row), and liquid water mixing ratio (bottom row) from the 14 research flights of VAMOS Ocean—Cud—
Atmosphere—Land Study Regional Experiment (VOCALS; plotted in black), plotted with comparable data from RegCM with the UW model (red) and Holtslag model AU_co_wu Each
column represents a research flight (RF). The height scale is the same for each plot, and the horizontal scales are identical among like variables.
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for the UW model, whereas it is only slightly larger than 0.25
for the Holtslag run. The correlation coefficient for the UW

» Holtslag run is modestly closer to 0.6 than the coefficient for the Holt-
slag model, which is closer to 0.5. The UW model definitely
improves the representation of the inversion strength relative
to the Holtslag model. The inversion-top decrease in water
A g B vapor mixing ratio is similarly improved. The variability of
1.00 F~~~L_/ PN AgT is again closer to 1 for the UW model, and its correlation

Pl o coefficient is much higher, with 2 0.7 for the UW model
andr =~ 0.4 for the Holtslag model. Interestingly, despite the
expected relationship (they should positively correlate) be-
09 tween the boundary layer height and inversion strentgh{
nekes 1973, the variability of the inversion height (which
is equivalent to the boundary layer height) is worsened in
0.99 the UW model. The standardized deviation is about 50 % too
high in the UW runs, whereas it is about 50 % too low in
! ! 1.0 the Holtslag runs. The inversion height in the UW runs does
025 050 075 1.00 125 150 correlate slightly better with the flight data than the Holt-
slag runs (nearly ~ 0.7 versusr ~ 0.6), but it varies too
strongly, as shown by the standardized deviation. Despite a
boundary layer height that varies too greatly, the inversion

0.0

—
Y
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Fig. 9. A Taylor diagram comparing the representation of day-to-
day variations in boundary layer properties in the UW and Holt-

slag model runs (red-filled circles and blue triangles, respectively) ¢ th ; ith al ¢ fect itude- it that
against DYCOMS I, POST, and VOCALS in situ data. Correlations strength varies with a mos_ a perfect magnitude, | s_eems "’?
and ratios of standard deviations are depicted for the following vari-there must be feedbacks in the model that constrain the vari-

ables: boundary layer inversion strengtts), jump in water vapor ~ ability of the inversion strength (e.g. the explicit inverse re-
mixing ratio at cloud top £¢7), cloud base heightfasd, and in- lationship between inversion strength and entrainment rate;
version heightiny). Grenier and Brethertqr2001).

Just from visual inspection of the bottom rows of Fi§s.

7, and8, itis clear that the UW model dramatically improves
possible that systematically excessive precipitation (drizzlelhe prediction of cloud base relative to the Holtslag model,
may cause the the low LWP bias. Figurendicates that pre-  given that the Holtslag model tends to predict either no cloud,
cipitation rates over the ocean are within the range of obserer a cloud with an unrealistically low base (i.e. at the sur-
vations, however this does not rule out the possibility thatface). In Fig.9, this is reflected as essentially no correlation,
precipitation rates are too low for low-LWP clouds and too and too high of a variability inpasein the Holtslag model.
high for high-LWP clouds. If this were the case, then the In contrast, cloud base from the UW model varies with a re-
mean precipitation rate might be correct, but precipitationalistic magnitude (the standardized deviation is only slightly
would act as an excessive moisture sink when LWP begindoo large), and it correlates quite well with the in situ data
to become large, thus limiting the growth of LWP. A future (r = 0.75).
study might investigate this by comparing LWP-sorted driz- The generally higher correlation between the day-to-day
Zle rates between model and observations. variability of the UW model and the in situ data indicates

In addition to the average improvements in the representhat the boundary layer properties in the UW model respond
tation of the boundary layer by the UW model, the UW to synoptic-scale variability in a more realistic manner than
model also improves the representation of the time-evolutiorthe Holtslag model. As expected, the addition of stratocu-
of the boundary layer. Figur@ shows a Taylor diagram of mulus physics, through the UW model, definitely improves
the boundary layer inversion strength), the decrease in the representation of the boundary layer and boundary layer
water vapor mixing ratio at cloud top\gT), the cloud base physical processes in RegCM.
height ¢pasd, and the inversion heightiy,). The correla-
tions and standard deviations were calculated individually for
each variable, within each field experiment, and then aver

aged (root mean square average) to produce the correlationlsne results from the previous section show that RegCM-UW

and standard deviations shown in Fgy.Calculated in this . : T
e : improves the representation of MSc at short (synoptic) time
way, the standard deviations and correlations represent aver- . . : . )
. . scales. This section describes and validates the climatology
age intra-experiment values.

Figure9 shows that the UW model improves the represen-Of MSc in RegCM-UW at scales ranging from diurnal to
. . decadal.
tation of the boundary layer by almost every metric. The stan-

dardized deviation of the inversion strength is very nearly 1

Stratocumulus climatology
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For western North America, the dry season months of
May through October closely correspond to the MSc sea- 500
son, with the season typically peaking in July. During this
season, the stratocumulus deck strengthens (cloud fraction
and liquid water path increase) and the deck approaches the
coast. This strengthening of the cloud deck is associated with
an increase in lower tropospheric stabiligl€in and Hart-
mann 1993 Lin et al, 2009 or alternatively an increased
inversion strengthMfood and Brethertqr200§. During the
summer, the boundary layer height and cloud-base lower in 850 - = e
the vicinity of the coast (e.doorman et al.2000. The de- — M s
crease in BL height with decreasing distance from the coast 1000
is driven by the nearshore enhancement of subsidence rate as-
sociated with a mountain-thermal circulation, and to a lesser
extent, cooler sea surface temperatures adjacent to the coast
(Burk and Thompsorl996. Figurel0a and b shows a tran-
sect along the 35N parallef depicting various aspects of the 500 - (b)
structure of the boundary layer for the wet seasons and dry e S
seasons, respectively, that is in accord with these qualitative O N /) e e
observations of the marine boundary layer.

The model's marine BL exhibits a well mixed boundary
layer in both seasons, as shown by the essentially constant
potential temperature profile (the colored and filled cells), up
to the center of the cloud deck (the gray contour lines show
contours of constant liquid water mixing ratio). The cloud- 850
water mixing ratios are higher on average during the dry sea-
son than during the wet season, with the liquid water mixing
ratio reaching as high as about 8202 gkg~! during the 1000
summer and 6-% 10-2g kg1 during the wet season. -150 -140 -130 -120 -110 -100

The average boundary layer top, which is approximately Longitude (Degrees East)
depicted by the outer-most cloud-water contour below
700 hPa, lowers toward the coast in both the wet and dry sea- m a
sons, but it does so much more pronouncedly in the summer. 280 2925 305 3175 330

The bla.crl: \;]ectors_delplclt the zonalland \l/e(rjtlcal %Nm.d dlrec_Fig. 10.UW run climatology (December 1984—November 2009) for
tions, with the vertical velocity greatly scaled so that its aver-, o\ seasora( November—April) and the dry seasdo; (May—

age magnitude is similar to magnitude of zonal wind. Thereégcioper), along a longitudinal transect on thé BEparallel (shown

is generally subsidence throughout the stratocumulus decky Fig. 1). The colors show the potential temperature, the gray con-
with the subsidence rate increasing approaching the coastours show the liquid water mixing ratio (in cgkd), and the vec-
The model shows liquid water very near the surface adjacentors depict the air flow pattern. The vertical velocity is scaled such
to the coast, which suggests that the model may have skill irhat its average is equal to the average zonal velocity to emphasize
simulating fog. The zonal component of the wind during the the vertical flow.

dry months gives the wind field a relatively strong on-shore

component, which when added to the heightened subsidence

near the coast that drives the BL height downward, is likelymeasure of boundary layer processes. While we show in

700

Pressure (hPa)

.......

P

LTI - e 2

>>>>>>>>>

700

Pressure (hPa)

why the deck approaches the ground near the coast. Sect. 6 that the UW model’s liquid water path (which is
nominally equivalent to condensed water path (CWP) for the
7.1 Condensed water path summertime MSc regime) is comparable to that measured in

the DYCOMS II, POST and VOCALS experiments (but bi-

During the summer (JJA) months in the WNA MSc region, ased low), these comparisons are limited to specific locations
which is dominated by subsidence on average and typically i;ind times. By comparing modeled CWP with CWP from
free of storm-systems, the total column burden of condensedatellite data, shown in Fid.1, we show that the UW model
water (i.e. condensed water path) represents an integratedistinctly improves the representation of boundary layer pro-
cesses across the entire WNA MSc region. This comparison

735° N was chosen to be representative of the stratocumulusgives a spatial and a climatological context to the validation
deck. Transects along other parallels yield similar profiles. of MSc simulation in RegCM.

Geosci. Model Dev., 5, 989008 2012 www.geosci-model-dev.net/5/989/2012/



T. A. O'Brien et al.: A new TCM for RegCM 1003

150°W  135°W  120°W  105°W 90°W calculated as the vertical sum of cell-average condensed wa-
ter content; cell-average CWP requires no assumption about
the overlap of cloud layers.

For the satellite data, we used monthly mean cloud product
from the MODIS Terra platform (the MODQBI3 product),
which spans the years 2000-20X1ubanks et aJ.2008,
though we only use data from 2001-2009. We omit 2000
because of artifacts in the data at the beginning of the year,
and we omit 2010 because the RegCM run only goes through
2009. We use an approximate cell-average CWP, which we
calculate by multiplying CWP by the average cloud fraction
for each cefi.

Figure 11 shows the JJA average CWP from 2001-2009
for the WNA domain (the model output comes from the
WNA-UW-LONG and WNA-HOLT-LONG experiments).
The MODIS data and the RegCM-UW output show a rela-
tively high degree of spatial similarity overall, with a corre-
lation coefficient ofr = 0.71. With both the UW model and
the Holtslag model, RegCM places the northeastern Pacific
cloud deck in the correct location, though it is slightly too
strong. The MSc deck in the southern portion of the domain
is also slightly too strong, and it is shifted approximatel§ 10
to the west relative to MODIS (see the southern portion of
the domain in Figlla and b; the center of the UW deck oc-
curs at approximately 30N, 140 W, whereas the MODIS
deck is centered closer to 28, 130° W).

Unlike with the Holtslag model, the UW model has a stra-
tocumulus deck adjacent to the coast (Séahows that the
CWP in the near-coastal region is indeed stratiform). Despite
having a stratocumulus deck with the UW model, however,
the deck’s CWP tends to be too low relative to MODIS, es-

. =35 _ N N pecially at the southern portion of the coast. The CWP from
Holtslag : o the UW model is 30—40 g i? too low on average in this re-
f i T ' gion, while it is 50-60 g m? too high over the western and
northern portions of the ocean. This low CWP bias is con-
36.25 67.5 9875 130 161.25 1925 223.75 255 sistent with the low LWP biases noted in comparing RegCM

Fig. 11.Condensed water path (liquid and ice combined; drfor against the three field experiments in S€cths mentioned

JJA 2001-2009¢a) from MODIS (b) RegCM4.1 with UW TCM, N Sect_. 6, we noteq that at higher vertical rgsolutlon the
(c) RegCM4.1 with Holtslag BL. model is more consistent at (correctly) producing MSc. The

data shown in Figl1 come from a run with only 23 vertical
levels, so it is possible that this low CWP bias may be fixed
with a higher vertical resolution run. This possibility should
Vertical integration of in-cloud condensed water path re-be explored in a future study.
quires an assumption about the nature of horizontal overlap
of cloud layers. In the limit of non-overlapping clouds, CWP 7.2 Time evolution

is calculated as the vertical average of condensed water con—h i i h hat th del h
tent, whereas in the limit of perfectly overlapping clouds, The previous sections show that the UW model improves the

CWP is calculated as the vertical sum instead. The radiatioﬁ’ertical and horizontal representation of MSc relative to the

parametrization in RegCM uses a random overlap assumlol_—|o|’[slag model, but they give no indication of the time evo-

tion (Briegleh 1992, which could be used to vertically inte- lution of MSc in the UW _model_. To show the tlm_e evolution
grate condensed water content. However, with that method®f 10W cloud coverage (including MSc) at multiple tempo-
CWP would be strongly controlled by this assumption, which "2l Scales, we compare the modeled low cloud amount from
complicates the use of CWP as a metric for boundary layer 8ror cwP and cloud fraction, we used the variables “Cloud Wa-
processes. To avoid this complication, we instead use gridter Path Combined Mean Mean” and “Cloud Fraction Combined
cell average condensed water path, which can simply bévMean FMean”, respectively.

40°N
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Local Time A future study should examine utilizing turbulent moments
O & 8 a fro_m the UW mc_:del to estimate sub-grid scale moi_sture vari-
] RS S O AR ability and fractional cloudiness, as is done Gyenier and
N - U S Bretherton(2001).
60.0 f—————— r Despite the cloud-coverage bias, RegCM does an excel-
i lent job of modeling the phase and amplitude of the annual
B cycle, as shown by the black curves in FIg. As in the IS-
I CCP data, modeled low cloud coverage is maximal in the JJA
B months, with a peak in July, and minimal in the DJF months.
RegCM-UW also captures the MAM onset and SON decay
- of the deck; the modeled slopes (rate of change of cloud frac-
I tion) during these transition months are comparable to those
; from ISCCP. The successful modeling of the annual cycle
I shows that the MSc field in RegCM responds realistically to
“““ RegCM-UW changes in large scale climatological forcing.
——sccP i L . .
————-RegCM-UW| | RegCM-UW also responds realistically to diurnal forcing;
360 - ——ISCCP i the JJA diurnal cycles of low cloud cover are very simi-
T T T T T T T I lar between RegCM-UW and ISCCP, as shown by the red
& VQ*&* S PR P& curves in Fig12. ISCCP shows the well-know nightly max-
imum in cloud coverage (approximately 21:00 to 06:00 LT),
Month which is followed by a daytime “burn off” (a decoupling of
Fig. 12. The annual and diurnal cycles of low cloud coverage, av- the deck from its surface source of moisture, caused by in-
eraged from 1985 to 2006. The solid curves show ISCCP satellitecloud solar heatingBretherton and Wyantl997). RegCM-
measurements of low cloud amount, and the dashed curves show tHdW also shows these features, although the modeled day-
modeled RegCM-UW low cloud amount shifted downward by 25 % time “burn off” is somewhat weaker. That RegCM-UW suc-
for clarity (meaning RegCM-UW is biased approximately 25 % too cessfully models the diurnal cycle of low cloud amount sug-
high). The _solid curves depict th_e average annual cycle and the re@ests that the model is representing the decoupling processes
curves depict the average JJA diurnal cycle. (Bretherton and Wyantl997) in a realistic way. However,
the dampened diurnal cycle might indicate that the decou-
pling process is either not strong enough, or does not happen
frequently enough. As shown tBretherton et al(20043,

1983 Rossow and Schifferl999. ISCCP uses radiances the add|t|qn of a shallow cumulus parametnzatlon to RegCM
may help improve the representation of the decoupling pro-

measured from multiple geostationary satellites to infer in- ess
formation about the state of the atmosphere, and has been 05— o . N
Figure13 shows the interannual variability of JJA-average

erational since 1983. In Figs2and13, we use the low cloud low cloud amount between 1985 and 2006, from ISCCP

amount from the D2 data set, WhICh c;on3|sts of diurnal aver- (black, solid) and RegCM-UW (red, dashed). While RegCM-
ages for each month of operation, gridded on & grid. For N . .
UW does not appear to exhibit as much interannual vari-

direct comparison of the ISCCP data against the WNA-UW- "~ "..
. ability as the ISCCP data, RegCM does generally capture
LONG experiment, we show 20 yr of data and model outputthe high- and low-cloud amount years: ISCCP and RegCM

from January 1985 to December 2006. I N )
. ) . have a statistically significantP(> 99.9%) correlation of
Figure 12 shows both the JJA-average diurnal cycle and = 0.67. Itis notable that the ISCCP data show a general de-

the annual cycle of low cloud coverage, spatially averageor o o ) .
o : - . . cline in low cloud amount over this time period, with much
within the dashed box region shown in Fiy(this area is f the decline occurring after the vear 2000. On average
chosen to be representative of the stratocumulus deck). e ISCCPIIo cloud 'aglo nt decl'r)lles at an é era ej/ratg c;f
note here that the RegCM-UW low cloud amount is shifted 341 % dec;\::iel L'jrhe moléeled |0\IN cloud amo\{mt glso de-

downward by 25 % in Figl2 because the RegCM-UW cloud 0 )

P . : : clines over this period, although at a much slower (statisti-
fraction is biased approximately 25 % too high. Changing the L K 0 1
cloud fraction threshold in the RegCM cloud parametriza- va\lly IIEn Sa'?]ngtlcjngorgte;?fjir?ﬁ t/roeiedcsa?qethfgrl SR(EZI?:CI;Ncli-ata
tion likely could ameliorate this high cloud-coverage bias BV (2007 W '

(Pal et al, 2000. However, this high bias also may indicate may _be .partly (artificially) causeq by a drift in the satel-
: T . . lite viewing angle. Therefore, while the trend in RegCM-

that the cloud fraction parametrization in RegCM is too sim- ) . - e
listic and not based strongly enough on physical processesUW differs from the ISCCP trend in a statistically significant
P manner, the difference in trends should be treated with cau-
9Defined as the fractional coverage of clouds occurring belowtion since the ISCCP trend may not totally represent a change

680 hPa. in the cloud deck.

56.0
52.0
48.0 -

440 -

Low Cloud Amount (%)

40.0 -

T

RegCM-UW to satellite data from the International Satellite
Cloud Climatology Project (ISCCPSchiffer and Rossow
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N I N R N though the model biases are within an acceptable range. Fur-
I thermore, we suspect that refinement of the land surface albe-

dos, following O’Brien et al, 2012 will help fix part of the

cold bias. The UW model also improves the interannual vari-

ability of temperature and precipitation in RegCM, compared

with the Holtslag model.

This study also shows that RegCM-UW simulates a real-
istic stratocumulus deck at a range of spatial and temporal
scales. The comparison with aircraft in situ data (DYCOMS
II, POST, and VOCALS) shows that the UW model improves
the vertical representation of the lower troposphere relative to

JJA Cloud Amount Anomaly (%)

RegCM-UW I the Holtslag model. While the UW model generally predicts

an MSc layer comparable to the layers shown in the field

1|—ISccp i data, the comparisons show that RegCM-UW systematically

q2 A predicts a MSc layer that is too low and that has too little lig-

uid water. The comparison of JJA-average condensed water
path from RegCM-UW and MODIS shows a similar story;
clouds in the near-coast environment RegCM-UW tend to
Fig. 13. Interannual variations in JJA-average low cloud frac- Nave too little condensed (liquid) watékyant et al.(2010

tion anomaly (the mean is removed, and the variability is pre-Show that CAM with the UW model also simulates stratocu-
served). The solid, black curve shows data from ISCCP; and thgnulus with systematically low LWP, so this LWP bias may
dashed, red curve shows output from RegCM-UW. Regressiorbe associated with some aspect of the UW model (e.g. the
lines are also drawn through both curves: ISCCP declines at a&ntrainment parameterization), with the relatively low verti-
rate of —3+1%decade!, and RegCM-UW declines at a rate cal resolution, or some combination of these factors. A future
of —0.5+ 0.8 % decadel. The correlation between the two time- investigation should examine the sensitivity of RegCM-UW
series is- = 0.67, which is statistically significant above the 99.9 % to horizontal resolution, vertical resolution, and to tunable
confidence level. model parameters to see if this low-CWP bias can be reduced
without degrading the simulation of MSc elsewhere.

Norris and Leovy(1994), Norris (2000, andClement et al. The general success of RegCM-UW in the field experi-
(2009 use ship- and satellite-based observations to shown€Nt comparison shows that RegCM-UW represents MSc

that the long-term variability (interannual and longer) of low f€asonably well, even at the model's smallest scales (30—
clouds in the Pacific is related to variability in SSTs and pos-20 kM), and it represents MSc distinctly better than the Holt-
sibly to variability in the position of the mid-latitude storm S!2g model. The comparison of RegCM-UW output with data
track. Though the trend is not statistically significant, the signfom MODIS shows that RegCM-UW also reasonably rep-
of the modeled trend in low cloud amount is consistent with "€SeNts the MSc at the mesoscale; RegCM-UW models a

the results fronClement et al(2009, which show that low cloud deck that generally conforms to the coastline as in the
cloud amount in this region declined steadily over the lastMODIS data. This comparison also shows that RegCM-UW
half of the century. This result hints that RegCM-UW ex- @S & low bias in CWP in the near coastal region, and the
hibits the positive low-cloud climatological feedback shown MSc deck is shn‘ted n_early IO:O, the west of the de_ck n
by Clement et al(2009. The modest success of RegCM-UW MODIS data. Itis possible that higher vertical resolution and
in simulating the long-term variability of MSc cloud amount the addition of a shallow cumulus modelto RegCM-UW may

suggests that it captures these relationships, though the efX the low CWP bias and the westward displacement of the
act mechanism through which SSTs and other cIimatoIogica’vISC deck.

forcing affect long-term MSc variability in RegCM-UW is Intercomparison of the field experiments, shown in Big.

unclear. A future study that examines the causal relationshipd1dicates that MSc in RegCM-UW respond appropriately to
between MSc and climatological forcing can hopefully re- changes in synoptic-scale forcing. Additionally, the compar-

veal the nature of long-term MSc variability in the real worl

1988 1992 1996 2000 2004
Time (years)

d. ison of low cloud coverage (which is mostly MSc in this re-
gion) between RegCM-UW and ISCCP shows that RegCM
successfully models the time evolution of MSc at diurnal, an-

8 Discussion and summary nual, interannual, and even decadal scales. While the gross

properties of MSc in RegCM-UW still need work (e.g. mod-

This study shows that RegCM-UW models a realistic cli- eled CWP is too low, low cloud fraction is too high), these re-

matology for western North America, as compared to CRU,sults present RegCM-UW as a hascent mesoscale MSc mod-

GPCP, and SCOW. RegCM-UW tends to have temperaturesling system appropriate for MSc studies ranging from syn-

that are slightly too cold and it has a high precipitation bias,optic to decadal time scales.
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