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ABSTRACT

The Bay Area Air Quality Management District (BAAQMDHas been usinghe
Pennsylvania State University (PSU)/National Center for Atmospheric ResearchRJNCA
Mesoscale Model Version 5 (MM5) to create the meteorological datasets for use as inputs into
photochemical models such as the Community Multiscale Air Quality (CMAQ) model and the
Comprehensive Air Quality Model with Extensions (CAMx) model. Howevevetbpment on
MM5 has been discontinued, and the BAAQMD is interested in transitioning to the Weather
Research and Forecasting (WRF) model when it can perform as well as the MM5. The objective
of this researchs to assist the BAAQMD to transition to tNéRF modeling system by finding
the optimal WRF model configuration fdre Bay Area and Central Valleggionbased orour
WRF simulations foboth winter and summer seasons.

Two case studies were conducted: a wipirticulate matterRM) case and a sumer
ozone case.The investigatiorstartedby determining the optimadet ofphysics packages to use
for the region beforéour dimensional data assimilatioRIDA) wasapplied. The FDDAwas
applied throughout the model integrations to produce dynamigsasaof the meteorology for
use in the atmospheric chemistry modelhe two atmospheric radiation schemes testecke
the Rapid Radiative Transfer Model (RRTM) and the RRTM deneral circulatiormodels
(RRTMG). It was foundthat theRRTM radiation sheme perforrad equalto or better than the
RRTMG scheme. Using the RRTM radiation schefoar land surface modeld. §M) (the 5
layer thermal diffusion LSM, Noah LSM, Rapid Update Cycle (RUCMIL.&nd the PleirKiu
(PX) LSM) were compared to determine tlhest LSM for use in the baseline configuration
before FDDAwasapplied The PleimXiu land surface model was foundpgooduce the smallest
error for the winter PM case, and performed equail to the other LSMs for the summer
ozone case

With the basline configuration using the RRTM radiation and PX PBL/land surface
physics,six experimentsvere conducted to compare different FDDA strategies for thetewin
case and three experimentsraveun for the summer case. The FDDA strategies wsaé
analyss 3D and surfacenudging, observational nudging, and multiscale FDDA thas a
combination of both analysis nudging and observational nudgi®gtstical and subjective
analyses we performedto compare the model output from the FDDA experiments tiiéh
observations and the best experimaatschosen. Bnilar verificationswere also performedo
compare thebaseline and the best FDDA experimédot three subregions wiih the 4km
domain: the Bay Area, the Sacramento Valley in the northern Cenalidyy and the San
Joaquin Valley in the southern Central Valley. The incoming marine flow over the Bay Area
was examined, as well as the wind flows in the Sacramento and San Joaquin Valleys.

The major conclusions from this research inclueWRF isable to simulate the major
mesoscalefeaturesover the areancluding the Fresno edg and Schultzeddy, 2) FDDA
significantly reduces modlerrorsboth statistically and subjectivelwith the multiscale FDDA
strategy produag the lovest errors for all for fields 3) there is added value using the special
surface wind observations taken the BAAQMD observation networkand 4 over the Bay
Area subregion, FDDA is not as effective as in the Sacramento Valley and San Joaquin Valley.
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1 INTRODUCTION

Meteorology and its effects on air pollution been the subject of modefj and
observational studies for more than two decades in the San Francisco Bg@gRB2g by the
Bay Area Air Quality Management District (BAAQMD)Understanding the process from the
emission of pollutants to the formation of smog and haze and thegpte is paramount to
developing strategies to reduce air pollution and its negative effects on human health and the
environment.

As discussed by Tanrikulu et al. 2000, Deng et al. 2004,Citel et al. 2008a and, b
accurate meteorological information isritically important in air quality modeling.
Meteorological models commonly usedair quality studiesinclude the Penn State/NCAR fifth
generation of mesoscale model (MM5, Grell et al. 1994), and the receviyoped Weather
Research and Forecastingodel (WRF, Skamarock 2008). These modgserategridded
meteorological fields that cdre used tarive air quality models Using source information and
the generated meteorological fieldhiopochemicakir quality modelssuch as th&€€ommunity
Multiscale Air Quality (CMAQ) Model(Byun and Schere, 2006and the ENVIRON
I nt ernat i on &bmp@lenspeAir QualityoModelswith Extensiof@AMx) (Kumar
and Lurmann, 1997)are able to simulate particulate mattgiPM), air toxics, and ozone
concentations.

Soong et al. (2006) evaluatdte performance of MM5 and WRF for an ozone episode in
central California from July 31 to August 2, 2000. Both models simulated the wind and daytime
temperatures quite well. In the SkBegion, both models over@stated the temperature along
the coast by about ® and underestimated it in the Bay Area inland valleys -By’G. One
shortcoming of the WRF modeas the over predictionof the nighttime temperatures, which
wereabout 5 € too warm in most areas, whigs likely due to the fact that WRF experiment did
not use four dimensional data assimilation (FDDA) because it was not available at the time of the
study. FDDA, as adapted from Stauffer and Seaman (1994), is a method to incorporate observed
weather datanto arunning model without causing negatidesruptions FDDA capabilities
were recently implemented by Penn State (Deng et a)200

WRFARW was recently used to study the air quality issues in California. A recent study
undertaken by Bao et al. (@8) investigated the ability of the WRF model to accurately simulate
the near surface winds in the Central Valley region of California for a summer ozone study. The
results showed that WRF was capable of simulating many of the low level flow featurdsrfoun
the Central Valleyeven thoughi-DDA was not usedbecauséat was not available at the time.

The flow featuresthat WRFwas able to simulate are: 1yesterlymarine airflow through the
Carquinez Straiindinto the Sacramento River delta located edighe San Francisco Bay Area,

2) upslope and downslope flows in the Central Valley, 3yalfey and dowsvalley flows along

the Sacramento Valley, 4) the nocturnal low level jet in the San Joaquin Valley, and 5) the
Fresno and Schultz eddiegigure 1-1 showsthe conceptual model of the flows in the Central
Valley for both day and night.



40N\

- :
i ‘ FRESNO

N EDDY \

' -

a) Toaows . b) oW
Figure 1-1: Conceptual model of the summertime lowlevel winds in the Central Valley region of California.
a) The daytime. b) The nighttime. Figure from Bao et al. (2008).

40N - %

Up-valley
flow

Incoming
marine
flow.

. marine

/ flow

Upslope
flow

As development of MM5 has been discontinugle BAAQMD is interested in
transitioning to the WRF modelAs the newstateof-the-scierce mesoscale numerical weather
predictionmodel (NWP) WRF is under continuous development by therusanmunity. The
plan is to transition to WRF when it can perform as well as MM5.

The purpose of this study is to determine the optimal WRF model coafign to air
guality modeling in the SFBA and Central VallgyV) regions. Both summer and winter cases
are modeled. Evaluation of WRF performance using different model physics and FDDA
strategies are conductedlhe ability of WRF to accurately simiéameteorological variables
important for air quality will be examined using different land surface models, atmospheric
radiation schemes, and FDDA strategies. The use of different data analyses for the initial
conditions (IC) and lateral boundary conalits (BC) and different methods of objective analysis
and quality control of observations used for data assimilation will also be examined. Two high
pollution cases are chosen to evaluate the ability of WRF to simulate the meteorology in the
SFBA and CV rgions during bththesummer andhe winter.



2 MODEL DESCRIPTION S

The meteorological model used in this study is the advanced research dynarsiics
of the WRF model (WRFARW, Skamarock et al. 2008).A complete description of the WRF
ARW can be foad in Skamarock et al. (2008) although some of the fundamental aspects of the
WRF model are described below.

Similar to MM5, WRFARW is a nonhydrostatidully compressible three dimensional
primitive equatiormodelwith terrainfollowing, hydrostatic pessurevertical coordinate The
WRFARW core contains predictive equations for three wind components (u, v, and w),
potential temperature, geopotential height and mixing ratio of moisture species including water
vaporandcloud hydrometeor species.

WRFARW has a variety of physics options forcrophysics, cumulus parameterization,
atmosphericadiation, and planetary boundary layer (PBL)/turbulgmoeesseghat can interact
wi t h t h dynammsaad ti@ersnodynamics. WRFARW also has several na-surface
models (LSMs) thatise information from thether WRF physics schemes in combinatiath
informationon t he | and®6s msufaceproperias,itospledioct eat and choistura
fluxes to theatmosphere WRFARW also has FDDA capadlities similar to that in MM5.

2.1 Relevant Model Physics

The WRF SingleMoment 3class (WSM3) simple icecheme(Hong et al. 2004vas
chosen as the microphysics option for the model simulations in this study. This scheme
calculates ice number concentratirom ice mass instead of temperature and predicts three
categories of hydrometeors: water vapor, cloud water or cloud ice, and rain or snow. The
scheme assumes cloud water and rain exist above freezing temperatures, and cloud ice and snow
exist below feezing temperatures. The scheme afe®s not allow mixed phases of
hydrometeorssuch as the existence of ice and rain togethéhe sameayrid cell The WSM3
scheme, rather than a more complicated microphysics scinsehosen because both cases
this study had very littlprecipitation as a ridge of high pressure was over the model domain.

To determinea suitable radiation scheme fothe simulations two methods were
consideredl) Rapid Radiative Transfer Mod@RRTM, Mlawer et al. 1997)and2) the Rapid
RadiativeTransfer Method fogeneral circulation model&SCMs) (RRTMG). RRTM calculates
longwave radiation fluxes using a correlatethethod. Radiative fluxes and cooling rates for
inhomogeneous atmosphegee approximate(Mlawer et al.1997, lacono et al. 2008 RRTM
uses preset tables to represent longwave processes due to water vapor, ozone, carbon dioxide,
and other trace gasés present), as well as accounting floud optical depth As in MM5, the
RRTM scheme is used for longwe radiation in combinatiomwith the Dudhiashortwave
scheme (Dudhia 1989This shortwave scheme calculates solar flux and accounts for clear air
radiative scattering, water vapor absorption and cloud albedo and absorption. The current
RRTM scheme in WR-ARW also accouns for terrain slopeand shadowing effects on the
surface solar flux. The RRTMG scherflacono et al. 2008that was originally designed for
GCMs, recently implemented in WRERRW, was also used for both longwave and shortwave
radiation inour study.

To determine the best LSM for the simulations, tHayer thermal diffusiorschemevas
evaluated along with three other LSMs: 1) Noah LSM (Chen and Dudhiz001), 2) Rapid
UpdateCycle (RUC, Smirnova et al1,997, 2000) LSM, and 3) PleiXiu (PX) LSM (Pleimand
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Xiu, 1995; Xiu and Pleim, 2001). Thel&yer thermal diffusiorschemas the MM5 5layer soill
temperatureschemewith the layers 1, 2, 4, 8 and 16 cm thickhe energy budget includes
radiation, sensible, and latent heat flu®il moisture is fixed with a constant valu&he Noah
LSM is 4layer soil temperature and soil moisture modéh layer thicknesses 010, 30, 60,
and 100 cm.It includes root zone, evapotranspiration, soil drainage, and ruib# Noah LSM
alsotakesinto account vegetation categories, monthly vegetation fractiod,soil texture.The
scheme provides sensible and latent heat fluxes to thecBBulationsand can prdict soil ice
and snow coverThe RUC LSM is a multlevel soil model that contains 6vigls as its default
but can have 9 or more layerkayerthicknesses for the default 6 levale 0, 5, 20, 40, 160,
and 300 cm. The model solves heat diffusion and Richami®isture transfer equationshile
accountingfor phase changes of soil moistuin the winter. The RUC LSM has a complex
multi-layer snow model that accosnfor changing snow density, snow depth, refreezfg
liquid water, and fractional snow coverThe PX LSM isa twolayer soil temperature and
moisture modelwith layersthatare 1 cm and 99 cm thick. There are three pathways for
moisture fluxes: evapotranspiration, soil evaporation, and evaporation from candpies.
indirect nudging schemeare involved in the PX LSM. Inhe first scheme soil moisture is
nudged accordop to biasedetween model and observation based analyses of temperature and
relative humidity (RH) at 2 meter@®leim and Xiu, 2003). In the second scheuhegp soil
temperature in the soil temperature férestore (FR) modek also nudgedccording tothe
model biasof air temperature at 2 metelsitonly during nighttimgPleim and Gilliam, 2009).

For this study the model configuratirascomprised of three domainwith 36-km, 12
km, and 4km grid spacing The KainFritsch(KF) scheme (Kain and Fsch 1990, Kain 2004)
was used forthe cumulusparameterization on the 3@nd 12km grids. The KF scheme is a
simple cloud modethat takes in accoumnhoist updrafts and downdraftsavingthe ability to
detrain and entrain clouds. The scheme imposesnanom entrainment rate to suppress
convection in unstable, dry environmenterethe entrainment rate varies as a function of low
level convergenceThe scheme alsallows for shallow convection without precipitation. Note
that since both cases choserweakly-forced with very little precipitation, we simply choose a
cumulusparameterizatioscheme that has been shown to perform well.

Two differentPBL physicsschemes arased in this studythe Turbulent Kinetic Energy
(TKE) predictingMellor-YamadaLevel 2.5 turbulent closurecheme (MYJ PBL) (Janjic 1996,
2002) andhe asymmetrical convective model versiofAZM2), which isdesigned for the PX
physics suit€Pleim, 2007) The MYJ PBL scheme defines a PBL top tisatlependentn the
TKE, buoyancy and shear of the driving flow. Alsin this scheme unstable mixing in the PBL
is done by eddy diffusion calculated from the TKE and entrainment of dry air at the PBL top.
The ACM2 PBL scheme is a combination of the original ACM and an eddy diffusiolelm In
convective conditions the ACM2 can simulate rapidnlocal upward transport in buoyant
plumes and local shear induced turbulent diffusion. The scheme can transitidodabeddy
diffusion under stable conditions to combined local and #ocal transport in unstable
conditions. The ACM2 can consistently transport any atmospheric quantity (meteorological and
chemical trace species) within the PBL.

2.2 Four-Dimensional Data Assimilation

FDDA used in thigesearch was originally developed at P&tate(Stauffer and Seaman
1990, 1994) and was recendghanced and implemented into WRRW (Deng et al2009). In
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FDDA nudging the model state is relaxedntinuously toward the observed state at each time
step by adding an artificial tendency tetmthe prognostic equationsvhich isbased on the
difference between the two states. Data assimilation cacdmnplished byithernudging the
model solutions towardyridded analyses based on observations (anatysilging), orby
nudging directly toward ke individual observationfobs nudginy Within a multiscale grid
nestingassimilation frameworka combination ofanalysis andbservational dbg nudging is
often employed

Further development of obs nudging in WRRW hasbrought more flexibility inhow
surface observatiorere extendedn the vertical. As illustrated ifigure2-1, WRFARW users
have freedom to choose different vertigatighting functions for the surface observations. In
contrast, the MM5 obs nudgirdgfadts to surfacewinds spread through the lowest three model
layerswith linearly decreasingveights for all PBL regimeg&olumn 5. Underan unstable PBL
regime (regime 4ocolumn 3), the WRFARW default allows thesurface obsrvationsto be
spread throughhe entiredepth of thePBL at full strength decreasingdinearly to zero 50 mters
above thePBL top . For the stable PBL regimes (regimes 1 a@)dthe WRFARW default
allows the surface obsvationsto be spread upward to 50 rat full strength then linearly
decreases to zero for the next 50rhe default surface data weighting functionsusedfor this
study.
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Figure 2-1: lllustration of possible vertical weighting functions for surface observations. &r each of the eight
examples, the horizontal axis is the weight (from zero to one) and the vertical axis is height from 0 (the
ground) to z+50 (50 m above the top of the PBL). The settings used to produce the vertical weighting function
are indicated in the second two rows. The blue horizontal lines indicate the surface and the PBL tofpor
WRF-ARW, column 6 is the default for stable PBL regimes (regime 1 and 2), and column 3 is the default for
the unstable PBL regime (regime 4).Figure from Deng et al.(2008).




3 CASE DESCRIPTIONS

Two realworld air pollutionepisodesverechosen for this modelingtudy a winter PM
caseduring the middle of December, 2088d a summer ozone caséring the end of July and
beginning of August, 2000rhefollowing is an werview of the two cases.

3.1 Winter PM Case

The winter casdegan at 1200 UTC on December 16, 2000 with a surface high over
northern Nevada and an inverted trough just off the coast of Califdfigaré 3-1a). The
temperatures were cooler over the land than over the oEegurg 3-1b) which resulted in a
decreasingressure gradient toward the oced@ue tothis pressure differencevinds along the
California coastbecameeasterly produdng off shore(not shown) Winds over theinterior
SFBA and within the Central Valley were very light (5 kts) and northéslyhorthwesterly
(Figure3-1c). At the 850millibar (mb) level, a highwascentered over western Nevadagure
3-2a), leadingto stable synoptic conditions over California withht surface winds over the
SFBA. An upper level ridge at the 500b level was over the entire western coastline of the
U.S, helpingto reinforce the stade conditions at the surfacEigure3-2b). The stablesurface
conditions allowed for the development of a high PM episode.
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Figure 3-1: Surfaceobservations at 1200 UTC December 16, 2000. a) Sea level pressure. b) TemperatDye.
Winds. Maps made at Plymouth State University Make Your Own Map website.
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Figure 3-2: Upper air observations at 1200 UTC December 16, 2000. a) 88fh geopotential height and
temperature. b) 500 mb geopotential height and temperature Maps made at Plymouth State University
Make Your Own Map website.

At 1200 UTC December 17, the surface high moved southeast and was centered over the
Four Corners region ithe southwestern U.SHgure 3-3a), with the inverted troughthough
smaller,remainng off the coast. A surfackigh was also centered over the Pacific Ocean west
of the OregorCalifornia border Betweenthe two highs a trough extended through Nevaialh
into California. South of this troughlight southerly winds occurred over the SFBA, while the
Central Valley eperienced southeasterly flofmot shown). North of the trough the winds were
northerly suggeshg the existence of a weak cofdont. The temperature patterfigure 3-3b)
was similar tahe previous dayAt 850mbthe high ale moved southeast and was centered over
the Four Corners regiorfFigure 3-4a), while another ridge moved over Californfeom the
ocean This kept weak synoptic conditions in place over $tBA with the windsgenerally
northweserly ataround15 ktsat this level Figure 3-4b). At 500 mb the ridgehad progressed
eastward and an upper level trough moved tvenorthwestern U.SHigure3-4c). The trough
did notpushdown intoCalifornig therefore the winds were relatively light for this level at 50
knots(Figure3-4d).
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Figure 3-3: Surfaceobservations at1200 UTC December 17, 2000. a) Sea level pressure. b) Temperatutg.
Winds. Maps made at Plymouth State Uniersity Make Your Own Map website.
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Figure 3-4: Upper air observations at1200 UTC December 17 2000 a) 850 mb geopotential height and
temperature. b) 850 mb winds. ¢ 500 mb geopotential height and temperature.d) 500 mb winds. (Maps
source: Plymouth State Universty Make Your Own Map website)

The surface high over theceanmoved onshore over Idaty 1200 UTC December 18

(Figure 3-5a) bringingcalm and stable conditions to many of the western states. The temperature
gradient over Californiawas stronger than itwas on the first day Figure 3-5b) resulting in
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stronger and more prevaleotfshore easterlyflow (Figure 3-5¢). At 850 mb (Figure 3-6a) a
high pressuremoved over northern Nevada, maintaining the stable conditions esskely
winds over theSFBA. At 500 mb the troughhad deepened over the Midwest and a ridhgel

moved onshore over the western co&stjre 3-6b) reinforang the weak synoptic conditions
over California.
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Figure 3-5: Surfaceobservations at1200 UTC December 18, 2000. a) Sea level pressure. b) Temperatuk.
Winds. Maps made at Plymouth State University Make Your Own Map website.
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Figure 3-6: Upper air observations at1200 UTC December 18 2000 a) 850 mb geopotential height and
temperature. b) 500mb geopotential height and temperature Maps made at Plymouth State University
Make Your Own Map website.

The surface highthat was over Idahdad moved southeast over the Ut@blorado
border by 1200 UTC December 1Bidure3-74d), butstill influencedcalm and stable conditions
to persist over California anithe southwestern U.S. The temperature pattern remdaidy
static fromthe previous dayHigure 3-7b), as offshore flow persistedalong the coastlight
southeasterly winddominated over the interior SFBAnd northwesterly winddeveloped in
the Central Valley. At 850nbthe highpressure centavas directly positiong above the surface
high over eastern Utalallowing the weak synoptic conditions at this levelcontinue(Figure
3-84). At 500mbthe ridge remained along the western stefegufe3-8b).
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Figure 3-7: Surface observationsat 1200 UTC December 19, 2000. a) Seavdt pressure. b) Temperature
Maps made at Plymouth State University Make Your Own Map website.
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Figure 3-8: Upper air observations at1200 UTC December 19, 2000.a) 850 mb geopotential height and

temperature. b) 500mb geopotential feight and temperature. Maps made at Plymouth State University
Make Your Own Map website.

By 1200 UTC December 2@he surface high that was over Utah the previoushdely
moved further eastyhile a ridge extened over California from a surface high loedt over
southern Canaddigure 3-9a). As with previous dayshe temperature patteremained fairly
static (Figure 3-9b), easterlyoffshoreflow persistedalong the coastut winds becamecalm in
the Central \alley (Figure3-9c). At 850mbthe closed high that was over Utah the previous day
brokedown, while a ridgeformedover California maintaining stable condition&igure3-10a).

At 500 mb the ridge pewisted over the western coast of the U.$einforcing the stable
conditions at the surfac€igure3-10b).
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Figure 3-9: Surfaceobservations at1200 UTC December 20, 2000. a) Sea level pressure. b) Temperatuwk.
Winds. Maps made atPlymouth State University Make Your Own Map website.
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Figure 3-10: Upper air observations at1200 UTC December 20, 2000a) 850 mb geopotential height and
temperature. b) 500mb geopotential height and temperature. Maps made at Plymouth State University
Make Your Own Map webste.

By 1200 UTC December 21 the surface higbvedover northern Coloradowith its
associatedidge extenahg from the high to over Californig{gure3-11a). Thiswasthe last day
of the 5-day study periodhs the synoptic piern was about to changelue toa low pressure
systemover theeasternPacific Oceanthat wasmoving toward the coast. The temperature
gradient over California also wealah(Figure 3-11b) and thecoastal winds becameesterly
(onshore)ver theSFBA (Figure3-11c). At 850mb the ridgemovedfurther east and a trough
extendedonshore from over the oceaRidure3-12a). At 500 mb the ridgecontinuedover the
western U.S.maintining weak synoptic conditions thie surfac€Figure3-12b).
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Figure 3-11: Surface observations at1200 UTC December 21, 2000. a) Sea level pressure. b) Temperature.
¢) Winds. Maps made at Plymouth State University Make Your Own Map website.
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Figure 3-12 Upper air observations at1200 UTC December 21, 2000a) 850mb geopotential height and
temperature. b) 500mb geopotential height and temperature Maps made at Plymouth State University Make

Your Own Map website.

3.2 Summer Ozone @Gse

Many previous modeling studie®dused on the summertimer ajuality applications
(Seaman et al. 1995, Bao et al. 2008 to general ozone concernSummertime weather
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conditions usually consist of a high pressure ridge off the Calif@oéstand low pressures
inland due to strongusface heating (Seaman et al. 1995). The ridge and the inland lows develop
a pressure gradietitat producesvinds that flow onshore. In the afternoon a sea breéee
develops due tthis pressure differengestrengthening onshore flowl'he onshorewinds bring
coolermarine air over coastal areas such asSthiBA andMonterey,keepng temperatures over

San Franciscand other coastal areaslatively cool. The marine air speeds upitapasses
through the Carquinez Strait and otherrow gaps in theCoastal Ranges into the Central
Valley. The air is modified by surface heating during day and the mixed layer increases in
height from 206600 m to 4001200 m in the Central Valley (Seaman et al. 1995).

Summertime temperatures in the Central Valley acth 460C or higher,creaing low
pressure areas near Redding in northern Sacramento Valley and Bakersfield in southern San
Joaquin Valley (Seaman et al. 1995). These low pressures create pressure gradients that cause
the incoming marine flow to split ae the Sacramento delta with southerly flow into the
Sacramento Valley and northerly flow into the San Joaquin Valley. During theupsippe
winds along the Coastal Ranges and the Sierra Nevada cause divergence of the low level flows.
At night, downslge winds from the mountains converge with the low level flows dmdng the
summermonths, can produca nocturnal low level jet at around 400 m above the sutfaate
flows parallel to the San Joaquin Valley (Seaman et al. 1995). This jet developsédxfca
decouplingfrom the surfacefriction, allowingthe air to accelerate.

The summer ozone cas#osen for this studis the samecase used bBao et al.(2008.
This period began at 12 UTC on July 29, 2000 with a sutfesrenaly inducedlow south @ the
San Joaquin Valley and an inverted trowgttendingfrom the lownorthwardover the western
U,S. (Figure3-13a). The temperaturesere much warmer over the land than over the ocean
with the warmest temperatesunderthe thermallow (Figure3-13b). This synoptic patterlead
to surfaceonshoreflow along the coast with westerly windgeaaging5 kts over theSFBA and
northwesterly winds within the Central Vallg¥igure 3-13c). This westerly flowhas the
potenti al t o t r precwgordron theoSERANt@vardhe GentialtVallsy. At
850 mb high pressurevas over northern Californialeadingto stable conditions over the state
(Figure 3-14a) with very lightoffshorewinds (Figure3-14b). At 500mb a broadhigh pressure
areawas centered over northern Arizon&igure 3-14c), which sustainedthe weak synoptic
conditions with very light windsver the regiorfFigure3-14d).

At 1200 UTC July 30conditionswere similar to those on the 29thith athermallow
over southern CalifornigFigure 3-15a) and apositive temperature gradierftom the cooler
ocean to warmer lan@Figure 3-15b). Conditionswere muchthe same at the 85hd 500mb
levels as were observed onhé 29th (Figure 3-16a, b). The sameweakly-forced synoptic
conditions persisted over the next sevdels(not shown, with the surfacehermallow located
over California, large high pressure systerthai850 and 500nb levels over west coast. These
weak synoptic conditions alladfor high concentrations of ozone to persist overSR8A and
Central Valley for multiple days.
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Figure 3-13. Surface observations at 1200 UTC July 29, 2000. a) Sea level pressure. b) Temperatucg.
Winds. Maps made at Plymouth State University Make Your Own Map website.
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Figure 3-14: Upper air observations at 1200 UTC July 29, 2000.a) 850 mb geopotential height and
temperature. b) 850mb winds. ¢ 500 mb geopotential height and temperatured) 500 mb winds. Maps made

at Plymouth State University Make Your Own Map website.
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Figure 3-15: Surface observations at1200 UTC July 30, 2000. a) Sea level pressure. b) Temperatuod.
Winds. Maps made at Plymouth State University Make Your Own Map website
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Figure 3-16. Upper air observations at 1200 UTC July 30, 2000. a) 850 mb geopotential height and
temperature. b) 500mb geopotential height and temperature. Maps made at Plymouth State University
Make Your Own Map website.
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4 EXPERIMENTAL DESIGN

4.1 WRFARWModeling Configuration

For this studyhte model configuratiomas comprised othree domains: 38m, 12km,
and 4km grid spacing(Figure 4-1). The 36km domain, with a mesh of 91x95 grmbints,
contairedthe entire western United States, paftdexico and Canada, and adararea of the
easternPacific Ocean.The 12km domain, with a mesh df57x151 grid pointsgontaired the
entire state ofCalifornia, the states of Oregon and Nevada, partslafio, Utah, Wyoming,
Arizona, and Montana, parts bfexico and the Pacific Oea. The 4km domain, with anesh
of 190x190 grid pointsgontaired the entire centraCalifornia air quality modeling domain. It
consised of the SFBA and the Central Valley regidhat contaired both the Sacramento Valley
and the Sadoaquin Valley. Fifty (50) verticald layerswereused inall numerical experiments
for all grids (Table4-1). The lowest halfayerwaslocated atpproximatelyl2 m above ground
level (AGL). The thickness of the layenscreasd gradually withheight, with Z layers below
850mb (~1550 m AGL). The top of the modelasset at 100nb. Oneway nestingwasused
for all experiments sthat information from the coarse domainsnslate to the fine domains
but no information from th&ne domains translatiout to the coarse domains.

an
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Figure 4-1: Nested domains for the model simulations showing theldn (innermost), 12km (middle) and 36
km (outermost) domans.
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K

Eta
0.0181
0.0583
0.1072
0.1661
0.2270
0.2839
0.3388
0.3909
0.4395
0.4845
0.5256
0.5629
0.5964
0.6265
0.6537
0.6790
0.70
0.7238
0.7436
0.7617
0.7783
0.7936
0.8075
0.8201
0.8316
0.8421
0.8519
0.8614
0.8706
0.8796
0.8882
0.8966
0.9048
0.9126
0.9202
0.
0.9347
0.9416
0.9482
0.9543
0.9601

0.9656
0.9707
0.9754
0.9799
0.9841
0.9880
0.9917
0.9952
0.9985

9276

Table 4-1:

Distribution of the d layers

880.28

P( mb H_AGL(m) dz(m)
116.76 15400.39 1718.14
153.98 13737.73 1607.19
199.22 12170.61 1527.06
253.76 10644.04 1526.07
310.20 9294.66 1172.68
362.85 8200.78 1015.09
413.71 7253.09
461.99 6431.96 761.98
507.13 5722.33 657.28
548.79 5109.89 567.60
586.90 4581.26  489.67
621.50 4125.60 421.64
652.64 3733.58 362.41
680.49 3396.33 312.07
705.79 3100.36  279.88
729.24 2834.35 252.14
23 750.93 2595.06 226.44
770.91 2380.08 203.52
789.30 2186.39 183.88
806.17 2012.35 164.20
821.59 1856.21  148.09
835.71 1715.78 132.77
848.63 1589.44  119.92
860.38 1476.12 106.72
871.06 1374.45 96.61
880.82 1282.67
889.93 1197.82 82.76
898.75 1116.25 80.37
907.35 1037.47 77.19
915.67 961.84 74.09
923. 71  889.27 71.04
931.52 819.28 68.94
939.10 751.79 66.05
946.40 687.15 63.21
953.47 625.02 61.06
960.30 565.49 57.99
966.91 508.60 55.79
973.33  453.88 53.66
979.42  402.40 49.31
985.14 354.31 46.87
990.54  309.01 43.72
995.61  266.48 41.35
1000.36  226.70 38.20
1004.78  189.72 35.76
1008.97 154.80
1012.88  122.29 30.92
1016.51 92.18 29.30
1019.95 63.68 27.69
1023.21 36.79 26.09
1026.2 4 11.87 23.74
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4.2 Data Sources and Description

In order to provide an effective FDDA on thekdh domain observatioal data with
mesaebeta (20-200 km) scale resolution is needed. Tkéorld Meteorological Organization
(WMO) observationdsrom the National Weather Service (NWS) have sufficient resolution for
synoptic scale and mesdpha(200-2000 km)scale phenomenéaut not for the mesbeta scale
phenomena that can occur within the Central Valley and oveBSE®A. Therefore special
observabns that are collected by the BAAQMD are needed in addition to the \Wl®

The BAAQMD collectedweatherobservations from networks of individual monitoring
stations witln each of the subregions: ti8#-BA, the Sacramento Valley, and the San Joaquin
Valley (Beaver, 2008). No upp@ir observations from these networkksre used In theSFBA
region, 12 meteorological monitors provide houglyality assuredsurface wind speed, wind
direction, and temperature measurements. These monitors were operditedBBAQMD and
no additional quality control wasecessarjor these data.

In the Sacramento Valley regiombservations werejueried from the Aerometric
Information Retrieval SysterfAIRS)/Air Quality System (AQS)xatabase. All of the queried
stations vere operatedy the Air Resources Board (ARB). Theweere 45 monitors that
measurd wind speed, wind direction, and temperature at the surféam.the San Joaquin
Valley region combinations of databases weyaeried to procure weather data from AQS th
California Irrigation Management Information System (CIMIS), the Remote Automated Weather
Stations (RAWS) archives, and the National Climatic Data Center (NCDC). CIMIS and RAWS
operate their own monitoring sites. NCDC is a repository of weather aamtadrvariety of
monitoring networks that includes NW@&nd Federal Aviation Administration (FAA)
meteorological sitesData from 18 monitors were queried from AQS, 19 from CIMIS, 11 from
RAWS, and 8 from NCDCThe modelsimulationsuse theNational Centergor Environmental
Prediction-NCAR (NCERNCAR) 40-km Eta analyses for thEC/LBCs. The initial condition
fields were further enhanced byadiosonde(balloon lifted weather packagednd surface data
through the WRFARW objective analysis process, OBSGRIDeng et al.2009), using a
modified Cressman analysis (Benjamaimd Seaman 1985).

4.3 Enhanced IC/LBCs withObservations

The Cressman analysis assigns a particular radius of influence to all the observations
used for objective analysis. The first gudedd at each grid point is adjusted for all the
observations that influence the grid point. After the differences are calculated between the first
guess fields and the observatipaglistanceveighted average of these differences are added to
the firstguess fields at each grid point. After all the grid points are adjusted the new field is used
as the first guess field for another analysis cycle. Subsequent cycles use a smaller radius of
influence for the observations. The default Cressman schemexpésitly assignedscale
factors that determine the radii of influen@N) for the observationsThe default scale factors
are 5, 4, 3, and Brid increments For each pass the scale factor is multiplied with the grid
spacing on each domain to detammthe radius of influence that each observation has.

For this study, thelefault scheméendedto give unrealistic patterns for the prognostic
meteorological variables such as temperatbigufe4-2a). The default schemgavea bullés eye
pattern for the 700nb temperature innovation, or the difference between the observations and
the first guess field.Not only dd this pattern hae temperature anomalies too smail area
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coverage butthe patterralsodid not reflect the anmalies across the entire domain (itegre

were no temperature measurements along the California co#&stfead of using the default
RINs, anew approachvasused. This new approaghassimilar to that used in MM5 RAWINS

and was recently implementento OBSGRID (Deng et al. 2008). dutomaticallyassignedhe

scale factors for each analysis cycle by explicitly setting the radius of influence to zero. For this
study the scale factors that were automatically assigned by the OBSGRID prografrb\iare

540 km) 11, 8, and 6. The modified schemavemore realistic patternd={gure 4-2b). The
temperature anomali@geremore spread out and coeelthe entire domain.
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Figure 4-2: The 700 mb temperature innovation using the Cressman scheme in OBSGRID. a) Default
scheme; (The scale factors for each analysis cycle: 5, 4, 3, 2). b) Modified Cressman scheme developed by
Pem State; (The scale factors for each analysis cycle: 15, 11, 8, 6).

The lateral boundary conditiorad threedimensional (3D) analyses used for analysis
FDDA w ere also enhanced by the objective analysiecess andvere defined atsix hour
intervals Surfaceanalysis fields used for surface analysis FDD#&egenerated by OBSGRID
at threehour intervals. The 12 houly upper air observations provided by NW&liosondes, the
surface observatiorfsom the NWS andthe specialsurface observations from @it 90 stations
located in the valleyprovided by BAAQMDwerequality-checked (QC) for erroneous data and
observations thatrerenot useful. In addition, # of these datavereQC-ed by OBSGRID (using
a highresolution version of the WPS/UNGRIB softwdhat includel more pressure levels on
which datawereinterpolated)TheseQC-ed observationg={gure4-3) wereneeded for both obs
nudging and modelerification.
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Cyans Other errmax failurs

Figure 4-3: Observational data used for data assimilation for the wintePM case. WMO data and BAAQMD
surfacedata for the surface.

4.4 Model Experiments

The purpose of this studyasto determine the optim&RFARW model configuration
to provide the most accurate meteorological information for the Bay Area and the Central Valley
regiors. To achieve this goal variol&WRFARW experiments, with varying model physicsdan
FDDA options, were conducted. The investigation started with comparingetuse of two
commonly used atmospheric radiation schemes, RRTM/Dudhia and RRTM& reason that
the RRTM radiation wa selectedvasthatit wasa mature schemandwasused by Penn State
for many previous projectsAs indicated later in the results §eaq, it was decidedhat the
RRTM scheme would besed for all the resif the numerical experiments. THellowing step
was doneto determine an optimal LSM for the region sitbe CMAQ model used athe
BAAQMD wascustomized to use the land surfacédieas input to the air chemistry model. It
was found for the winter PM case period that the PX physds clear advantage (see details
later in the results section). For the summer the ozone case period, the results based on different
LSM werequitemi x e d . Based on the BAAQMDG6s previou
decision wasmade to use the PX for all the rest of the experiments involving FDDA. As
indicated in Section 2, for both the winter PM and the summer ozone cases, all FDDA
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experiments usEWSM3 simple ice microphysics,-K cumulus parameterization on the aéd
12-km grids, and ACM2 PBL scheme as part of the PX physics suite.

4.5 FDDAExperimental Design for the Winter PM Case

Using thebestmodel physics found as the result of sensitidtydy for atmospheric
radiation and land surface processes as the baseline model configuration, a set of six model
simulationswereperformed for the winter PM case periddhble 4-2): 1) NOFDDA, no data
assimilation of any fornwas used; 2) GFDDA, 30excluding surface) analysis nudgim@gs
used on the 38m and 12km domains; 3) OFDDA, only obs nudgingas used on all three
domains, assimilating WMO andpecial wind profilerdata; 4) MFDDA, an experiment
combining 3D analysis ndging (on the 36and 12km domains) and obs nudging (on all
domains) in anultiscale FDDA framework; 5) MFDDA2, same as MFDDA experiment except
surface analysis nudgingas used, including the sotemperature nudging (Pleim and Gilliam
2009) thatwas auomatically activated when the surface analysisigingwas used with PX
physics; and 6), MFDDASRE, same as MFDDA2 except soil temperature nudguege turned
off. The purpose of th®IFDDA2SP experimentvasto evaluate the effects of assimilating the
specal surface observations of the BAAQMbDeteorological networkn addition to the WMO
observations The experimstal designwas motivated by the Penn State previous experience
with FDDA in the MM5 modeling system thatas applied over theéSFBA region. It was
necessaryo evaluate each of the FDDA capabilities in W& ARW modelto come up with
the best FDDA configuration for the region.

Table 4-2: FDDA configuration for the six FDDA model simulations for the winter case

Exp. Name | 36 km 12 km 4 km

Analysis OBS Analysis OBS Analysis | OBS

Nudging Nudging | Nudging Nudging | Nudging | Nudging
NOFDDA NO NO NO NO NO NO
GFDDA YES NO Yes NO NO NO
OFDDA NO YES NO YES NO YES
MFDDA YES (3D) YES YES (3D) YES NO YES
MFDDA2 YES (3D+Sfc) | YES YES (3D+Sfc) | YES NO YES
MFDDA2SP | YES (3D+Sfc) | YES YES (3D+Sfc) | YES NO YES

The parameters used in the FDDA experimentsshosvn inTable4-3. Nudging of the
wind field wasappliedthrough all model layerdut nudging for the mass fieldasonly allowed
above the moddimulated PBLso that the PBL structure produced by the megeidominated
by the model physicsA time window of two hourswas used in obs nudging for upper air
observations, with a reducedindow of one hour at theurface The radius of influence for
surface datavasreducedas suggested by Seaman et al. (199&) bymultiplying a factor of (b
to the specified value iable 4-3) during the obs nudging processlote that asndicated in
Table 4.4 in the multiscale FDDA frameworlthe analysis nudging/ias applied on the 1-Rm
grid with reduced strength (from 0.0003 to 0.000D)his wasdone to allow the FDDA to be
effective in reducing the model errors the 4-km domain but at the same time reztusethe
mesaobeta scale features to be smoothed out by the FDDA.
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Table 4-3: FDDA parameters used for the winter case. Note that these parametaergre also used for
the summer casepresented later except that there was no observational nudging on the 3&m

domain
Analysis Nudging OBS Nudging
36km 12km 4km | 36km 12km 4km
G (1/sec) 0.0003 0.0001 N/A  0.0004 0.0004 0.0004
3-D wind field Nudging Nudging N/A Nudging Nudging Nudging
all layers all layers all layers all layers all layers
i i Nudging Nudging Nudging Nudging Nudging
3-D mass field above PBL | above PBL N/A above PBL above PBL ' above PBL
. . Used withir Used withir Used withir Used wthin Used  withir
Sfcwind field  op PBL N/A - pgL PBL PBL
Sfc mass field | Not used Not used N/A Not used Not used Not used
RINXY (km) N/A N/A N/A 150 100 100
TWINDO (hr)  N/A N/A N/A 2 2 2
dt (sec) N/A N/A N/A 1180 60 20

4.6 FDDA Eperimental Design for the Summer Ozone Case

Based on thdessors learned from the winter case, themas no need to perform the
analysis nudging only and obs nudging only experimentsetAf three model simulatiomgere
conducted for the summer ozone céfable 4-4): 1) NOFDDA, nodataassimilation of any
form wasused; 2) MFDDAA4, similar tthe MFDDA2 experiment from the winter case, and only
the WMO observationsvere assimilated; and 3MFDDAS5, same as MFDDA4, except the
simulation alsaassimilatel the BAAQMD special surface obsationsin addition to the WMO
observationsThe MFDDAS experimentwas designed to show the added value of assimilating
thespecial surface observations of the BAAQMi2teorological network.

Table 4-4: FDDA configuration for three FDDA model simulations for the summer case.

Exp. Name 36 km 12 km 4 km
. . OBS . , OBS | Analysis OBS
Analysis Nudging Nudging Analysis Nudging Nudging| Nudging | Nudging
NOFDDA NO NO NO NO NO NO
MFDDA4 YES (3D+Sfc) NO YES (3D+Sfc) YES NO YES
MFDDAS YES (3D+Sfc) NO YES (3D+Sfc) YES NO YES

The FDDA parametenserethe same for the winter caskown inTable4-3 except there
wasno observationatudging on the 3&m domain Such experimental design was basedhen t
request from BAAQMD because obs nudgiwgs not usually used orheir 36-km coarse
domain. The observationahudgingwas turned off on this domain to gauge how th&m
domainwas affected when thereas no observationahudging information being passdérom
the 36km domain to the 1-km domain which in turnpassd information to the «m domain.
As expectedthe difference in the «km WRFARW solutions between thexperiment with and
without 36km obs nudgingvasminimal andcouldbe neglected.
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5 METEOROLOGICAL MODEL RESULTS

The results of the numerical simulations will be examined in #Haistion The
verification strategies used for objective analysis and subjective analysis will be presented first.
This will be followed by the objective verifation of the model parameters such Rid,
temperature, wind speed, and wind directidie subjective, visual comparisons of the
simulations with the observations will be presented |183te model configuratiothat has the
smallest statistic error and enall best subjective verification will be considered to be the best
configuration to keep.

5.1 Verification Strategy

5.1.10bijective Verification

The SCATTERPLOTS statistical software developed at NCA&s used for the
objective analysis. This progratmok the model output and the observations used for objective
analysis and data assimilation, acre@atedpairs of the observed values and model values that
were interpolated @ the locations of the observations. Mean absolute error (MAE) and mean
error (ME)statisticsveremade from the pairs.

The MAE and ME equations can be found in APEXDIX of this reparhe MAE was
used to measure how close the model valee compared to the observed valugbe ME
measuredhe bias of the model values comparedhe observed values. Theses biasese
calculated for th&kH, temperature, wind speed, and wind direction.

For this study the original SCATTERPLOTS software was exganad include wind
direction statistics.Details of this implementation can be fouimdAPPENDIX. A calm wind
threshold was used for this study to remove calm winds or very light winds (less than or equal to
1 ms*Y) for wind direction statistics calculation because the wind directiondarcalm wind
wasuncertain ana@ould produce lage wind direction errors.

5.1.2Subjective Verification

Horizontalchartsof the simulated winds, temperature, pressur@ geopotentidieights
were made at the surface, 850b, and 500mb in order to subjectively analyze how well the
modelwasableto simulate these meteorological variables. The anabgganwith comparing
the control simulation which did not use any data assimilation and onhcluded the
observations for the ICBCs with the observations first in order @éstablisha baselinenodel
configuration followed by comparisons of the FDDA simulations with the observatmasthe
baseline

The simulationswere also analyzed to determine if the modmuld capture and
reasonably simulate the mesoscale featureswibed specific to tle study regionsuch as the
upslope and downslope flows along the valeslls and air flows into and out of the Central
Valley. The winter PM casand the summer ozone casachhad differentmeteorological
features that were important either high PMoaone The features thatere analyzed for the
winter casewvereeasterly flow from the Central Valley into the Bay Ardawnslope flow over
the Central Valleywalls to the valley flooy and the diurnal cycle ahe surface temperatures
throughout the stly domain. The features important for the summer wvase westerly flow
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from the Bay Area into the Central Vallewyesterly flow between the Pacific Ocean and the
Central Valley the meanflows along the major axes of the Central Vallagd the Fresnodgly

and Schultz EddyL{n and Jao 1995Bao et al. 2008). Closap chartsfor specific locations

within the study domain such as the Bay Area, the Sacramento Valley, and the San Joaquin
Valley were made to compare the simulated winds and temperatures teprrific observation
stations. These close plots also hekd with the analysis of the mesoscale features in these
specific regions. Time series plots of simulated and observed winds and tempeeatumade

to help measure how well the modeled abderved values compalrat individual locations.

5.2 Winter PM Case Results

5.2.10bjective Analysis Results

Although subjective analysigjualitatively compares the model simulations with the
observationsthe simulations also need to be evaluated quékétg to measure the model
performance. This section provides the statistid#AE and ME) comparisons between the
model experiments and the observed deteluding both assimilated and the independent.obs)
These statistics comparisons are used teradwhe the optimal model configuration in our study.

The investigation begins with comparing thRF-ARW solutions between using the
RRTM and RRTMG radiations schemes because radiation plays a very important role in air
pollution concentrations. The hewy of the atmosphere and the surface is determined by the
amount of incoming solar (shortwave) radiatitwat is received and the amount of longwave
radiation that is absorbed and emitted by gases and the surface. The solar radiation and the
temperaturaleterminethe amount o¥olatile organic compounds (VOCS) released by plamts
interact with ozone or other particulate matter (PM) to create secondary aerosols and other
compounds. Therefore it is important to accurately calculate the flux of shorwdvengwave
radiation.

5.2.1.1Entire Domain Verification

Table 5-1 shows theMAE of the WRFsimulated surfacéayer RH, temperaturewind
direction and wind spedoetween thesimulation usingRRTM radiation scheme argimuation
usingthe RRTMG radiation schemelhe statisticsvere averaged over the entire domains and
simulation period The model resultaiere compared against the NWS surface and radiosonde
observations. Both of the experimeunss the identical physicée.g. MYJ PBL scheme, WMS3
simple ice microphysics, and-K CPS on the two coarser domains) exdapthe radiation
schemes. Neither of the experimentasel FDDA and both used objective analysis for the
IC/BCs. It wasfound that both radiative schemeogucal similar results for all verification
fields (i.e. wind speed, wind direction, temperature and water vapor mixing ratio), with a slight
degradation shown in some fields in the RRTMG experimé&ia. example, bth experiments
producel RH errors betwee 16% and 18% with the RRTMG experiment performing slightly
better than the RRTM experiment on all three domaliable5-1). Both experiments had about
the same temperature errors on thekB86 and 4km domains with the RRTM expenent
performing slightly better than the RRTMG experiment on 36eand 12-km domain. The
results for the wind direction and the wind spaestealsosimilar between the two simulations,
with the RRTMG experiment performing slightly better than the RIRekperiment on all three
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domains. Both experiments proddogind direction errors around 50 degrees and wind speed
errors betweeft.6ms*and2.5ms*.

Table 5-1: Surface MAE Statistics comparing two atnospheric radiation schemes

36 km 12 km 4 km
Relative Humidity
RRTM 16.7 18.4 16.9
RRTMG 16.5 17.9 16.1
Temperature
RRTM 2.8 2.6 25
RRTMG 2.8 2.7 25
Wind Direction
RRTM 49.4 52.8 48.4
RRTMG 49.1 52.6 48.2
Wind Speed
RRTM 2.5 1.9 16
RRTMG 25 1.9 1.6
Table 5-2: Upper Air MAE Statistics comparing two atmospheric radiation schemes
36 km 12 km 4 km
Relative Humidity
RRTM 15.1 14.6 12.4
RRTMG 14.0 13.9 12.6
Temperature
RRTM 15 15 14
RRTMG 1.7 1.6 15
Wind Direction
RRTM 18.6 20.0 21.3
RRTMG 15.9 17.0 17.3
Wind Speed
RRTM 3.4 3.0 2.7
RRTMG 3.7 3.2 2.8

Table5-2, similar toTable 5-1, shows theVRF-ARW-simulatedMAE statistics of the
radiation schemes for the upper air. The upper air statistice averaged over the entire
domain every twelve hours becauseliosondeobservationsvereonly taken twice a day. The
differences irthe errors between the two experimenm&ealso similarfor the upper aiasat the
surface. The RRTMG experimeperformedbetter than the RRTM experiment on thek3s
domain and the 1Rm domain for theRH, but slightly worse on the 4km domain. Both
experiments produde RH errors between 13% and 15%. For temperature, the RRTM
experiment performed better than the RRTMG experiment on all three domains for the
temperaturg with both experiments producing temperature eramsund 1.5 K. For wind
diredion, the RRTMG experimenperformed better than RRTM experiment for the wind
direction on all the domainsvith both experiments producing wind direction errors between 15
degreesand20 degrees The wind speed resuligeresimilar to the temperature rdts with the
RRTM experiment performing better than the RRTMG experiment on all three domains. The
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range of thavind speed errors for both experimewssbetween Z m s* and3.7m s™.

Each radiation schemmerformedbetter than the other for a givemeteorological field
therefore thechoice ofschemewas dependentn which fieldswere more important forthis
study. Because most high pollution episodesurred during weaklyforced, fair weather
conditions WRF-ARW with varying atmospheric radiatiaschemesvasless likelyto produce
dramatically different solutionsTherefore the RRTM radiation schenre combinationwith the
Dudhiashortwave scheme (Dudhia 198®@j&s chosen as the atmospheric radiation scheme for
all the numerical experiments madigring this study.

The evaluation of land surface models in this study was criisablculated surfackeat
and moisturdluxes determinedhe amounbf vertical transport opollutants,heat and moisture
within and potentially abovthe PBL posibly leading to long range transport To determine
an optimal LSM to use, the MAEf the WRFARW-simulated fieldasverecompared among the
5-layer thermal diffusion scheme, the Noah LSM, the RUC LSM, and the Xieir{PX) LSM.

Table 5-3 shows theMAE statistics of theWRFARW-simulated surfacéayer fields
whenland surface models (LSMs)ereused All the experiments useobservations included in
the initial condition though objective analystte RRTM schemeand FDDA were not used
For surface RH,he 5layer thermal diffusion schenmoducedthe largesterrors on the 36km
and 12km grids The PleimXiu (PX) LSM producedhe smallest erroren all domainsexcept
on the 4km domain where RUC LSMoutperformed the otheschemes The Noah LSM
performed better than the thermal diffusion LSM on theki®@6and 12km domains andvas
superiorto the RUC on the 3&m domain; however, it produced tlegesterror on the «m
domain. Overall, RH errors were between 14% and 20&enerallyincreasingas the grid
resolution increased.

Table 5-3: Surface MAE Statistics comparing four land surface models

36 km 12 km 4 km
Relative Humidity

Thermal Diff. 16.7 18.4 16.9
Noah 144 16.3 19.1
RUC 14.9 15.8 16.6
PleimXiu 13.9 15.3 17.8

Temperature
Thermal Diff. 2.8 2.6 2.5
Noah 2.9 2.7 2.5
RUC 2.8 2.6 2.5
PleimXiu 2.7 2.4 2.0

Wind Direction
Thermal Diff. 49.4 52.8 48.4
Noah 49.1 525 47.3
RUC 48.9 52.4 48.7
PleimXiu 49.0 52.1 46.8

Wind Speed
Thermal Diff. 2.5 1.9 1.6
Noah 2.6 2.0 1.6
RUC 2.4 1.8 1.6
Pleim-Xiu 2.2 1.7 1.5
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For surface temperature, the PX LSM producedsthallesterrors on all three domains.
The other three LSMs produced about the samagnitudeof error on all the domains with the
Noah LSM having théargesterror on the 3&m and 12km domains. The temperature errors
were between K and 3K.

As shown inTable5-3, the PX LSM again produced teeallesterrorfor wind direction
on the 12km and 4km domainswhile the RUC LSM produced thamallesterror on the 3&m
domain but thelargesterror on the «m domain. Wind direction errors were betweef d6d
53°. Wind drection errors were largest on the-&rd domain. For wind speethe PX LSM
once again produced tlsnallesterror on all the domain®ut only by aslight margin Wind
speed errors were between 1.5asd 2.5 m 3.

Table5-4 shows theMAE statisticsof the WRFARW-simulated uppeair fieldsfor the
four LSMs. The PX LSM producedimilar error statisticsfor RH as compared to thether
LSMs, with a range of12% to 15%. The temperature MAEs for all the LSMs were similar,
falling between 1.5 K and 1.7 K, with tidoah and RUC LSM having the larger errors. For
wind direction, the PX LSM again produced the smallest errors on all three domains. The
thermal diffusion LSM again produced the largest errors on all the domains. Wind direction
errors were between ldegeesand 22degrees For wind speed, the thermal diffusion LSM
produced the smallest errors on all the domains, similar to its performance for temperature. The
other three LSMs performesimilarly, all performing only slightly worse than the thermal
diffusion LSM. The wind speed errors were between 2.7 emd 3.7 m 3.

Table5-4: Upper Air MAE Statistics comparing four land surface models

36 km 12 km 4 km
Relative Humidity
Thermal Diff. 15.1 14.6 12.4
Noah 13.7 13.3 12.2
RUC 13.8 13.3 12.1
Pleim-Xiu 13.6 13.3 12.3
Temperature
Thermal Diff. 1.5 1.5 1.4
Noah 1.7 1.6 1.5
RUC 1.7 1.6 1.5
Pleim-Xiu 1.6 1.6 1.4
Wind Direction
Thermal Diff. 18.6 20.0 21.3
Noah 16.0 17.0 17.9
RUC 15.8 16.7 17.9
Pleim-Xiu 15.8 16.6 17.6
Wind Speed
Thermal Diff. 3.4 3.0 2.7
Noah 3.7 3.3 2.8
RUC 3.7 3.2 2.8
Pleim-Xiu 3.6 3.2 2.8

Comparing the PX results witthose from the thermal diffusion,Noah and the RUC
schemegevealedthat using the PX pysics generallyproducel better surface statisticgor
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upper air, the PX Noah and RUCschemes all performed better thdre Slayer thermal
diffusion scheme foRH and wind direction. Overall the PX LSMmethodoutperforned the
other LSM optios. Theeforg for this study, the model simulations using FDDAdigee PX
LSM as part of théaselineconfiguration, along with the RRTM radiation scheme.

FDDA can improve the model simulations by using analyses and observations to
suppress the model error grilww A combination of nudging methods can be utilized to improve
the model results(1) analysis nudging can help accurately capture the synoptic flows by using
gridded analyses to keep the modkise tothe observed stat€2) obs nudging can help to
acairately capture the mesoscale flows by using individual surface and upper air observations to
keep the modetlose tothe observed statand(3) multiscale nudginga combination of analysis
nudging applied on the coarser grids to ensure the model soligiin phase with the larger
scale analysiand obs nudgingjsedon finer gridsto capturefetain mesoscale features.

Figure 5-1 shows theWRF-simulated surface MAE statistics and the surface ME
statistics forRH for six numeical experiments that udeghe combination of nudgin§DDA
methods describedbove averaged oveeachdomain. The figure is an improvement trend
graph where the worst model simulation is on the left and the best is on the Algbf. the
experimentghat used FDDA assimilate individual WMO observationsn obs nudging and/or
assimilatedanalyses generated by OBSGRID using the WMO observations akth 48a
analysis. Al six experimentsverecompared against both the WMO observations and the data
fromt he BAAQMD 6 sNotathat enly MKDDA2SRassimilatedooth WMO and the
BAAQMD special surface datd éble4-2). The MAE shows th@averageerror each experiment
producel compared to the observations, while the MHEicatesthe bias that each experiment
had compared to the observations.

Figure 51a shows that for the MAE statistics there was an improvement in results from
the use of FDDA, even though nudging of the mass fields were excluded from the~Rf8te
5-1b shows thathterewasa negativedrier) biasfor RH on all three domains fdRH, except for
the GFDDA and the MFDDA experiments on theki2 domain. Note that the biasesreonly
a few percent on the 3@&nd 12km domains and aboudiO percent on the-#m domain. This
meant that the experiments teed to be drier than the observationghich lead to the
development ofewer cloudsbut higher ozone and PM concentrations.
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Figure 5-1: Surface statistics for the FDDA numerical experiments foRH. a) MAE. b) ME.

Figure 5-2 shows the surface MAE and ME statistics for temperature. Although there
wasno assimilation of surface temperatutes use of FDDAeducedhe model errors on all the
domains except for the GFDDA and the MFDDA experiments on thkenB@omain Figure
5-2a). Using multiscale FDDA, analysis nudging (3D & surface) and obs nudging produced the
best resultsas shown by the MFDDA2 and MFDDA2SP experiment$e largestkerror was
only 0.4 K whichwas due tdemperature is ndieingassimilated at the surfac&he ME for
temperature Rigure 5-2b) shows that the MFDDA2 anslFDDA2SP tenédto be warmer on
average than the observations on all the domains. However, the warmer temperatureebgases
quite small on the *2and 4km domains. Th&FDDA and MFDDAexperimentshad larger
cold biases than the warm biases on th&r@6and 12km domains,although no temperature
field wasnudged at the surface in both experimertote that these statistics from domain to
domainwerenotbased omgeographicalocation
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Figure 5-2: Surface statistics for the FDDA numerical experiment$or temperature. a) MAE. b) ME.

Figure 5-3 shows the surface MAE and ME statistics for wind direction. The use of
FDDA reducedhe wind directiorMAE errors Figure5-3a) on all three domains except for the
GFDDA experiment on the -dm domain where analysis nudgingvas not used Using
multiscale FDDA significantlyreducedthe wind directionMAE errors compared to the
NOFDDA experimentthe MFDDAZSP experimenteducederrors by about 15 deges The
errors were significantly reduced because the wingsre assimilated at the surfacanlike
moisture and temperature. The ME shows that all six experimentsdi¢mdhave wind
directions greater thamhatwasobserved Figure5-3b). A wind direction error of a few degrees
could potentiallyhave asignificantimpact on the transport of ozone and PM and misplace these
pollutants by hundreds of kilometers.
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Figure 5-3: Surface statistics for the FDDA numerical experiment$or wind direction. a) MAE. b) ME.

Figure5-4 shows the surface MAE and ME statistfor the wind speedSince thisvasa
synoptic weakly-forced case with light winds, the wind speed MAE errarsre generally small,
asexpected, een without FDDA(Figure5-4a). FDDA further reducedMAE errors, except in
the OFDDA simulation on the 3&nd 12km domairs. The degradatiowas likely caused by
guality issueswith the observed dataliscussedater in the report. Further investigation is
needed. The multiscaleexperiment, NFDDA2SP, produced the smallest wind speBtAE
errors. TheME scores(Figure 5-4b) showthat the 12km and 4km experiments in general
tenced to be faster than the observations. Tdoslld lead to ozone and PM being transported
farther downstream than where they actually woolttur However, he MFDDA2SP
experimenttendedto have wind speeds slower than the observations on then361d the 12
km domainsand slightly faster on the-kim domain,and had thesmallest wind speeds bias on
the 4km domain.
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Figure 5-4: Surface statistics for the FDDA numerical experiment$or wind speed. a)MAE. b) ME.

MFDDAZ2SP proved to be the best configuration to use as it included both multiscale
FDDA and surface data assimilatioQverall at the surfacehe modeldid a reasonable job of
simulating moisture, temperature, and winds. Using FDDA further rddheeerrors created
within the model and improdethe simulations as a whole. Analysis nudgamgl obs nudging
both improvel the model simulationsdepending ornwhich domain eithewas used on In
addition,assimilating data at the surface further impobthe results.
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The six experiments that were run for the surface and PBL were also applied taiupper
or mid-tropospheric levelto determine the effectivess of FDDA in modelingurbulent mixing
of pollutants in the PBL up to the free atmosphanel transport by large scale horizontal flow.
How FDDA affectedRH and temperature dhe upperlevels were also evaluated because of
their importance teloud fomation and the production of pollutantsigure5-5 shows upper air
MAE and ME statistics foRH for the six experiments.Using FDDA improvedthe model
results with the multiscale experiments producing the best redeilgsife5-5a). In the upper air
the moisturewas assimilated unlike at the surface where Wwas not therefore all the
experiments using FDDA significantly reduceRH errors compared to théNdOFDDA
experiment. A similar conclusionwasseen in the ME statistics where, the FDDA experiments
showed very small positive moisture biases on all three domdtigu(e 5-5b) except for the
GFDDA experiment on the-dm domainwhere analysis nudgingasnot used Having paitive
moisture biasesuggest that the models terd to producehigher RHwhich will lead to clouds
affecting the radiative flux and the production of pollution.
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Figure 5-5: Upper air statistics for the FDDA numerical experiments forRH. a)MAE. b) ME.
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Figure 5-6 shows the MAE and ME statistics for WR¥RW-simulated uppeair
temperature. All of the FDDA experiments shad improvement compared to ti¢OFDDA
experimentwherethe multiscale FDDA experiments agaroducedhe best results ar(igure
5-6a). Temperaturevas assimilated in the upper air similar to the moisture. The ME statistics
(Figure5-6b) show thathe temperature biases falt experimentsverequite small The upper
air statistics for the wind directiorFigure 5-7) and the wind speedrigure 5-8) also show the
positive effects of using FDDABecause windsvereassimilated in the upper air, similar to the
surface, using FDDAmprovedthe results significantly compared to tNOFDDA experiment
with the multiscale FDDA experimenegyain having produ@d the best results. All six of the
experiments lsow positive wind direction biases on the-BB& and 12km, but they allhad
negative biases on thekdn domain unlike at the surfaceSince the wind speedgeregenerally
small, the wind speed biasegere also quite small, withthe biases further reduced the
multiscale FDDAruns
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Figure 5-6: Upper air statistics for the FDDA numerical experiments fortemperature. a)MAE. b) ME.
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Figure 5-7: Upper air statistics for the FDDA numerical experiments forwind direction. a) MAE. b) ME.
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Figure 5-8: Upper air statistics for the FDDA numerical experiments forwind speed. aMAE. b) ME.

Overall, the upper air results werpialitatively similar tothosefor the surface.FDDA
improvedthe results compared to ttiMOFDDA experimentwhere data wer@ot assimilatd.
Using a multiscale FDDA method thedmbinedthe analysis nudging on the-Ré ard 12km
domains with the obs nudging on all three domaireglucedthe best results. The inclusion of
specialsurface wind observatioieom an independent network for data assimilation in addition
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to the WMO observations furthé@mprovedthe results. Térefore, MFDDA2SRwvas the best
configuration to use for the upper air as well.

5.2.1.2Sulregion Verification

The conclusion thathe MFDDA2SPmodel wasthe bestconfigurationfor the winter
casewas based on theurface and upper air statistics for #atire 4, 12, or 36km domain
However, the model results may not be similar for specific areas va#luthdomain. For this
study, therewere three key regions thawere of interest Figure 5-9): 1) the SFBA; 2) the
Sacramentdvalley; and 3) the San Joaquin Valley. The sample data distribution shown in
Figure 5-9 indicatedthat the data densitywas quite good for each region, especially for the
SFBA region
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Figure 5-9: Map of the 4km domain showing the three subregions, the WMO observationsand the
BAAQMD special surface wind observationsised for data assimilation.

Table5-5 shows the surface MAE statistics for tREBA. The statistics were made and
compared in similar fashion to the statistics for the FDDA simulations previously discussed.
However, hese statistics only compdréhe best experiment (MFDDA2SP) with the baseline
experiment NOFDDA). The MFDDA2SP experinm: showedimprovemeniover NOFDDA on
all four meteorological fields in the Bay Areaimilar to the surface results on the entire
domains; however, the MFDDA2SP experiment did not improve the wind directions for this
subregion as much as for the entire dom{i.e., a 7 degeimprovement for the Bay Area but a
11 degeeimprovement for the entire-dm domain). Thisconfirmedthat although the model
could show great improvement over an entire model domain, the model may not show the same
improvement for apecific subregion or a specific location within the model domain. The upper
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air MAE statistics for the Bay Area (not shown) also sadwhe MFDDA2SP experiment
improvedthe errors for the subregion compared toNi@FDDA.

Table 5-5: Surface MAE Statistics for the Bay Area region comparingNOFDDA and MFDDA2SP

36 km 12 km 4 km
Relative Humidity

NOFDDA 14.8 20.0 20.8
MFDDA2SP 9.4 12.0 16.6

Temperature
NOFDDA 2.3 1.8 1.5
MFDDA2SP 1.8 1.7 1.4

Wind Direction
NOFDDA 56.7 52.7 49.1
MFDDA2SP 46.2 44 .4 41.7

Wind Speed
NOFDDA 2.1 1.7 1.5
MFDDA2SP 1.6 1.4 1.3

Table 5-6 shows the surface MAE statistics for the Sacramento Valley region. The
MFDDA2SP experimenthowedthe same improvement in wind direction and wind speed errors
as was the casdor the full domains. However, the experiment actuatlyowed slight
degradation in th&H errors on the «m domain and degradation in the temperature errors on
both the 12Zkm ard 4km domains compared to tiNOFDDA experiment. Therefore, although
the MFDDA2SP experimenvasthe best model configuration for this casedid not actually
help improve theRH and temperature patterns in the Sacramento Valley. However, the
degradabn in the errors by the MFDDA2SRasvery small. Upper air statistics (not shown)
showed similar improvemertt in wind direction and wind speed errordNo statisticswere
calculatedfor the RH and the temperature because only two upper air observateswsire
located along the California coast within th&m domain (one in Oakland in ti8#BA, and one
at the Vandenberg Air Force Base located near the southern edge of the domain).

Table 5-7 shows the surface MAE statistics ftire San Joaquin Valley region. The
MFDDA2SP experimenshowedimprovement in the wind direction and wind spesbrs
However, the experimetiad avery slight degradation in the RH and the temperature errors on
the 4km domain similar to the Sacramém Valley. The upper air statistics (not showgre
similar to the statistics for the Sacramento Valley. The MFDDA2SP experimprivedthe
wind direction and wind speed errors, and tiveeeeno statistics for the RH and the temperature
because themereno upper air observation sites within the subregion.

Table 5-6: Surface MAE Statistics for the Sacramento Valley region comparinfN\OFDDA and

MFDDA2SP
36 km 12 km 4 km
Relative Humidity
NOFDDA 26.7 24.6 19.0
MFDDA2SP 17.7 17.3 24.4
Temperature
NOFDDA 2.2 1.8 15
MFDDA2SP 1.9 1.9 1.7
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Wind Direction
NOFDDA 50.8 45.8 40.7
MFDDA2SP 37.7 36.0 34.5

Wind Speed
NOFDDA 2.0 1.6 1.4
MFDDA2SP 1.4 1.2 1.2

Table 5-7: Surface MAE Statistics for the San Joaquin Valley region comparingNOFDDA and

MFDDA2SP
36 km 12 km 4 km
Relative Humidity

NOFDDA 41.3 26.5 16.3
MFDDA2SP 30.0 20.9 16.8

Temperature
NOFDDA 3.3 2.4 2.1
MFDDA2SP 2.8 2.2 2.2

Wind Direction
NOFDDA 53.5 62.3 53.3
MFDDA2SP 41.1 41.1 41.6

Wind Speed
NOFDDA 2.1 1.5 1.1
MFDDA2SP 1.4 1.1 0.9

5.2.1.3Independent Verification

The statistics previously discussed prbv¥ieat using surface and upper abservations
along with special network of data for data assimilation significamtgroved the model
simulationsfor these two casesThe model results previously discussed were verified against
the entire set of WMO observations and #pecial surfacaind observatiordata networkhat
were assimilated. ldwever, to verify how well the modebmparedwith the observationghe
simulations should be compared with a set of observations that were not used for data
assimilation.

The data used for indepdent verificationwere the surfaceobservations from the
meteorological monitors from the AQS dataset that the BAAQMD provided. These observations

were not used for data assimilation (sample data showigime5-10).

Table 5-8 shows the surface MAE statistics for thNOFDDA and the MFDDA2SP
experiments. The MFDDA2SP experimesttowedimprovemens in the temperature errors,
wind direction errors, and wind speextrors onall the domains with the excepton of
temperature on th&km domain which shoada very small degradatiaover NOFDDA. There
wereno statistics for RH because RH observatiegenot available.
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Real-time input obsarvations

Figure 5-10: Map of the

Table 5-8: Surface MAE Statistics comparing NOFDDA and MFDDA2SP against an independent

dataset.
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-meteorological monitors from the AQS dataset used for independent verification.

36 km 12 km 4km

Temperature
NOFDDA 2.8 2.4 2.2
MFDDA2SP 2.6 2.3 2.2

Wind Direction
NOFDDA 66.6 54.8 49.8
MFDDA2SP 56.2 47.6 44.2

Wind Speed
NOFDDA 1.7 1.5 1.3
MFDDA2SP 1.3 1.3 1.2

5.2.2Subjective Analysis Results

The numerical simulationsvere examined to subjectively verify the model with the
observations.Only the baseline experimemMiQFDDA) and the best experiment (MFDDA2SP)
were examined Analysis of the results on the -8 domain will be presented first followed by

analysis of the reswdton the 4m domain.

5.2.2.136-km Domain

Figure5-11 shows the model initial conditionsrdhe 36km domain, at 1200 UTC 16
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Dec 2000. Te modelsurfaceinitial conditiors (Figure 5-11a) showeda low over southern
California. As observed, the strong pressure gradient along the coast of northwest United States
and southern Canadeaswell representeg@see Section 3)In agreementith the observations,
easterly flow offshor@f northern Californiaand northerly flow over the Bay Area and along the
coastwere present The nortlerdy flow in the Central Valleywasalso well represented in the
model initial conditios.
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BARE YECTORS: FULL BARE = 10 lis CONTOURS: UMITS=m LOT= 1280.0 HIGH= 17D0.0 INTERVAL=  R0.000
a GONTOUBS: UNITS=hPa IOT= 063.00 HIGH= 16480 INTERTAL=  2.0004 GONTOURS: UNITS=°C LOW= —24.000 BIGH= 20,60 INTERVAL= 20000
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CONTOURS: UNITS=m LOT= 6RE0.0 HIGH= B840.0 INTERYAL=  BH000
C CONTHURS: UNITE="C LOT= —38.000 HIGH= —8.4000 INTERVAL= Z.0H00

Figure 5-11: Plots ofthe NOFDDA simulation at 1200UTC 16 Dec 2000. a) Surface. b) 86. c) 500mb.

At the 850mb level the model initial conditianat 1200 UTC 16 Dec 200€howedthe
strong height gradierthat was presemtver theocean Washington, Oregon, and southdritish
Columbia Figure5-11b). Consistent with thebservedsurface inverted trough, offshore flow
over the California coaswas reproduced, along with tis&rong onshore flow over Oregon and
Washington.At the 500 mb level, model initial conditios showeda large ridge over the western
coast of the U.S. and Canadragure5-11c).
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Over the next three days conditions did not change muthedsgh remainedover the
western United States and calonditions persisted. Althoughe NOFDDA and MFDDA2SP
simulations were quite comparable, theravere somenoticeable differences and overall
MFDDAZ2SP performedbetter For example, at 1200 UTC 17 Dec 20@d24 hours into the
simulation, at the 850mb level, both simulationsdeveloged a ridge offshore of the Pacific
Northwest(Figure5-12), which agred well with observationsKigure3-4a). The location of the
high over the ocean west of Californiabnth experimentalsoagreedwell with observations.
The MFDDAZ2SP Figure 5-12b) resolvedthe short wave thatvas observed over northern
California and the strong temperature gradient Wed presenjust off the coastin agreenent
with the obsered surface cold (not shown). The temperature gradi&#not as strong in the
NOFDDA simulation The simulated winds in both experiments adrepite well with
observations. Both develegthe onshore flow over California, OregomdaWashington, but
the MFDDA developedhe northwesterly flow observet the Vandenberg Air Force Base (not
shown) while the NOFDDA had the winds more northerly in direction.Overall, toth
experiments simulatethe heights heightsand temperature welbut the MFDDA experiment
did a better job with simulating strong temperature gradientsipaifieda front.
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Figure 5-12: 850mb plots at 1200 UTC 17 Dec 2000. §OFDDA. b) MFDDA2SP.

72 hours mto the simulation at 1200 UTC 19 Dec 200@t the 500mb level, both
experiments devel@a a trough over southern British Columbia and northern Washington
(Figure 5-13a and B which agreedwell with the observationsF(gure 5-13c). However, the
MFDDA (Figure 5-13pbFigure 5-15) developedhe short wave feature observed on the 5640 m
isohypse over the ocean west of Washington whileN®@&DDA (Figure 5-13a) did not fully
develop this feature. The temperature patterns in both experimentsl aggktewith the
observations. The simulated onshore flow over the western U.S in both experimeaty edsb
well with observations. Botlexperimentsdid a good job simulatinghe heights, winds, and
temperature at this leyebut the MFDDA did a better job of fully developing short wave
patterns.
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Figure 5-13: 500 mb plots at 1200UTC 19 Dec 2000. a) NOFDDA. b) MFDDA2SPC) 500mb analysis
(Taken from Daily Weather Mapgrom the NOAA Central Library Data Imaging Project)

96 hours into the simulatipmat 1200 UTC 20 Dec 200the surfacebservations shoegd
a highin Canada with aidge extending south through the western United Stitesigh
California, Nevada, and Arizon&igure 3-9a). Both the NOFDDA and the MFDDA2SP
develomd the pressure gradient along the coast of Canada and WashingtonNOR2DA
experimentdevelopeda high just off the coast of Californiavhich was not found in the
observationsKigure 5-14a). However, the MFDDA2SP experimedid not develop this high
eitherand insteadleveloped high further to theouthwestKigure5-14b). TheNOFDDA was
able to develop the offshore flow over southern California and the southerly flow over the Bay
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Area in agreement with observations, butid not develop the observed northeasterly flow
offshore over northern California areimulated southerly flow instead The MFDDA2SP
experimentdid develop the offshore flow over northern Californaut the flowwas easterly
instead of northeasterly as observed. MFDDA2SP dés@lopedthe easterly fishore flow
over southern Californjebut did not develop the southerly flow over the Bay Areenulating
easterly offshore flow. Overall, both experimedita good job in simulating theurfacewinds

and sea level pressuredHowever, the MFDDA2SRIid better with the placement of the highs
over the ocean.
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Figure 5-14: Surface plots at 1200UTC 20 Dec 2000. a) NOFDDA simulation. b) MFDDA2SP simulation.

5.2.2.24-km Domain

On the 4km domain tle effects of FDDAwerequite evident Obs nudgingllowedthe
model to assimilate individual observations frasurface and radiosonde stationsThis
assimilation of datdhelpedto reduce the model errors on this domain with high resolution.
When obs nuging wasused in combination with the analysis nudging on the coarser domains,
which helpedto improve the synoptic scale through the assimilation of gridded anatiises
model resultsveresignificantly improved when compared to a simulation thdtnot use data
assimilation.

Figure5-15 shows plots of the simulated wind field on #mire4-km domainl2 hours
into the simulation, at 0000 UTC 17 Dec 2000 (4:00 P.M. Pacific Standard Time [PST] on 16
Dec 2000). The domaiconsstedof the Bay Area and the Sacramento and San Joaquin Valleys
that make up the Central Valley region of California. The phase overlaid with the WMO
observations taken at this time for comparison with the model results. Thevpletshadel2
hoursinto the simulatiorto allow the FDDA to influence the model. The simulated winds for
the NOFDDA experiment shad that even without FDDA the modeid a reasonable job of
resolving the mesoscale features that comgriges specific region Kigure 5-153). The
simulationshowedthe divergent flow ag& travekedboth up the Sacramento Valley and down the
San Joaquin Valley. The windgere more divergent in the San Joaquin Valley than in the
Sacramento Valley. The divergent fldmgcameupslope flow along the Coastal Ranges and the
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Sierra Nevada Mountains due to the lower pressure along the mountaintops whiet dllew

air in the valley to flow up the mountain slopes. The simulated northerly flow along the coast
and over the sghern Bay Area near San Jose (KSa@)eedwith the observations. However,

the NOFDDA simulatiorshowedbig wind direction errors over the Central Valley. At some
locations the directions of the windsried by as much as 90 degreesich as winds near
Bakersfield (KBFL) in the southern San Joaquin Vallé¥inds over Sacramentearied about

45 degrees.

In the MFDDA2SP simulation Figure 5-15b), the overall modeledwind patternshad
better agreement with the observations tHa NOFDDA. TheMFDDA2SP winds over the
Sacramento Valleyaried by about 30 degregesvhile the winds near Bakersfieloth the San
Joaquin Valleyaried by abou#5 degrees While these wind direction variations seemed large,
they were as much &0% lessthan the direction errors from the NOFDDAspeciallyat
Bakersfield It must be notedhat sometimeshe FDDA causeddegradation in the wind
direction at some locatien For example winds along the axis of the San Joaquin Valley
became more northerlyud to the FDDAwhile they were easterly in the NOFDDA simulatjon
which agreedoetter with observations.

43
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(a)
Figure 5-15: Simulated winds overlaid with WMO observations at 0000 UTC 17 Dec 2000. a) NOFDDAb)
MFDDA 2SP
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Fig 5.15) conto6d.

Figure5-16 displays the same fields as fingure 5-15, except that the plots are f@a
hours into the simulatignat 1200 UT 17 Dec 2000(4:00 A.M. PST7. The NOFDDA
experiment againid a reasonable job of resolving the mesoscale featkigaré5-16a). The
simulationdevelogd the convergent flow within the valleysaused mostly bylownslope, or
drainage, flow off thénigher terrairsurroundinghe valleys. Again the simulated flow along the
coastwaswell representedHowever, argewind direction errors also exedin this simulation
with direction errors south of Sacramen®large as 90 degrees. One area of very large wind
direction errorsvasin the southernSFBA, wherethe wind direction erroin this area wasbout
180 degrees. The simulated winaglsre northerly while the observations show southerly flow.
The MFDDA2SP experiment agairagree better with the observationgifure 5-16b). The
wind direction error near Sacramem@s absentbut thelarge wind direction erros over the
southernSFBA still existed (>150 degrees).It should be noted that theveere fewer WMO
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observations available at nigtimpared tdhe daytime.
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(a)
Figure 5-16. Simulated winds overlaid with WMO observationsat 1200 UTC 17 Dec 2000. a) NOFDDA. b)
MFDDA 2SP
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Fig 5.16) contoéd.
5.2.2.3Sulyegion Mesoscale Analysis

As mentioned in the previous sectiGibDA can have less impact on particular locations
within a model domain when working to reduce the model errorsadimportant to fnd how
FDDA effectsvariedwith spacewithin the SFBA, Sacramento Valleynd SarJoaquin Valley.

Figure5-17 shows plots of the simulated wind field over the Bay Area re§ibmours
into the simulationat 0000 UTC 20 Dec 200@:00 P.M. PST). The plotsereoverlaid with
the observations from the AQS dataset. This tivaechosen becauseshowedkey mesoscale
features thatvere of interest for this region.Once againhe observationgvere from the AQS
dataset that were usdor the independent verification because theyefewer in number and
provided a clearer picture than the many WMO observations within this region. Both
simulationswerevery similar to each other and represetihe air flow over the region very well
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when compared to the observations. Both simulations dexelbye easterly flow from the
Central Valley into the Bay Areavhere the air floncontinuedthrough the Golden Gate Bridge
and outoverthe Pacific Ocean. The air flows into the Livermore Vafleyn the Central Valley
and through the-680 corridorwere well represented in both plots. The #owed from the
Central Valley through the Carquinez Straibrtheast of Concord (CCR)efore turning toward

the south to pass through th€é80 corrido. The air then converdewith the easterly flovthat

had flowed ovethe Altamont Pass and Livermore from the Central Valley. The air flow then
continuedwestvardandconvergedvith northerly flownearSan Jose (SJC).

However, comparison between the otwsimulations demonstrateda clear overall
degradation iwind directionin the FDDA simulation(although time series analysis shown later
at KSJCdid show benefit of FDDA in improving the temperatur@he onlyarea where FDDA
showedthe improved windsvas near Vallejo (VAL). In the NOFDDA simulationFigure
5-17a), thearea around VAlhadnortheasterly flow heading offshore, whidhl not agree with
the observations, whilthe MFDDA2SP(Figure5-17b) had southeasterly flow that bettagreed
with the observation at VAL
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Figure 5-17: Surface winds in the Bay Area region at 0000 UTC 20 Dec 2000. a) NOFDDA. b) MFDDA2SP.

INTERVA 500.00

For the Sacramento Vajlesubregion both simulationsmodeled the observed winds
fairly well. For example, ®0600 UTC 19 Dec 2000 (10:00 P.M. PST), whigdis66 hours into
the simulation, the MFDD2ASP simulation showed downslopeflow off the Sierra Nevada
Mountains to the easind other mountains to the weBigqure5-18). This agreed well with the
observedirainage flow shown toward the south end of the valley. The drainage flows cahverge
along the center of the valley where they fmlgsouth passip west of Sacramento (SAC) and
out of the valleybefore turning toward the west and flowing through the Carquinez Strait. The
NOFDDA simulationwasvery similar to the MFDDARSP(not showi.

The modeledwinds in the San Joaquin Valley subregiomere agai fairly well
reproducd by both simulations For example, 80600 UTC 19 Dec 2000 the MFDR2SP
simulation showd drainage flows all along the Sierra Nevada Mountains to the east, the
Tehachapi Mountains to south, and the Coastal Ranges to theFgeseb-19). The drainage
flows convergd on the west side of thealley along the Coastal Ranges wherfoived to the
north, passedwest of Fresno (FAT) and Modesto (MQDynd headedout of the valleyby
turning west through thedtquinez Strait. The observations are all along the axis of the valley
and showed easterly flow, agreeing with the simulation. The MFDES® simulationshowed
themeanflow passing closer to Fresno than in the NOFDDA simulation (not shown).
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Figure 5-18 Winds in the Sacramento Valley for the MFDDA2SP simulation at 0600 UTC 19 Dec 2000.
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Figure 5-19: Winds in the San Joaquin Valley for the MFDDA2SP imulation at 0600 UTC 19 Dec 2000.

5.2.2.4 Time Series Analysis

As shown abovehe effects of FDDAadan overall positive impact on the entirékwh
domain. Certain keyobservation sitesvereimportant to understaim the meteorology of the
regionthose sites were locatedhus, it was important that the simulations performed well when
comparing the results to the observations.

Figure5-20 shows the WR¥simulatediime series of the WRpredicted first model layer
(~10 m AGL) temperature and wind fields, comparimgsults from theNOFDDA and
MFDDA2SP experimenti the observedaluesat San Jose (KSJ@) the Bay Area subregion
For temperature,dth simulationgdid a good job of simulating the diurnal temperature cytle a
San Jose (KSJC)F{gure 5-204), with the simulated temperature agreeing well with the
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observatioss for the first 40 hours Further into the simulation peripdnhile the observecight-

time temperaturebecamecooler, the simuationsproducedtemperaturg that were consistently
warmer Thus the modeWasbiased to produce warmer temperaturespecially at the night

The biggest differencéabout 5°C) between the model and the observationsurredon the

fourth night (betwere 70 and 7@ourg. Notethat he MFDDA simulationdid a better job trying

to correct the model temperature béashownon the third night between 72 and 7igourg and
alsoforth night petween 90 and 10Bourg. The gap in the observations betweenail 25
hourswere missing observations. The fastebservedwind speedsKigure 5-20b) occurred
during the first 4éhours after whichwinds were between 0 and 2 for most of the time as

high pressuresetled over the regin. Both simulations werable to track the observed speeds

for most of the time.The observedvind speed oscillations (between 0 and 1 Hwesere due to
thespeed sensorés |l imitation of nowatK8EiMangy abl e
of the wind direction observations were missing and the calm winds were removed from the time
series plots to provide a clearer picturgg(ire5-20c). Both simulations shoed westerly flow

for the first 60hoursbefore the windstarted to become easterlyhich correspondetb the
northwesterly flow in the Santa Clara valley showrFigure5-17. After 60 hourstherewas

much variability in the wind directigrwhich correspondd with the observedight wind speeds

that wereassociatedvith the highpressure The effect of FDDAon winds wasnot evident at

San Jose

At Livermore (KLVK), the split between th@éemperatureobservations and simulated
values occurred by the 18th hour of the period. Once algainighttime warm bias in the model
wasapparentRigure5-21a). As with the KSJC simulations, the MFDDA simulation did a better
job to correct the bias. d8h simulationdid a good job of representing the diurt@nperature
cycle. The winds speeds obserwegresimilar to those at San Jodmitthe highest wind speeds
occurred on the third daghe daybefore the winds became near calm for most oféh@ainder
of the periodthat was dominated by the high press(Fmure 5-21b). Therewere not many
differences in wind directionbetween the simulations over the entire period. The winds were
northeasterly for most of the period in the simulatidgrigyre5-21c), which correspndedto the
air flow from the Central Valley through the Altamont Pass, the Carquinez Strait, ar@8@e |
corridor(shown inFigure5-17).

At Vallejo, bothtemperaturesimulations agreed well with the observations throughout
the entire periogexcept for the first nightvhen the modelvastoo warm by 56 degreesand the
last daywhen the modelvastoo coldby 3 degreegFigure5-22a). Both simulations had light
winds for the first 40 hours befonecreasedhe wind speesideveloped and persistat the rest
of the period The model and observations agreed will for about the first 60 hours, after which
differences in wind speed became largéhe model simulated wind spegdvere too fast
compared vith the observatia) with the larges speed biasf about 6 nfs occurringnear hour
70 (Figure5-22b). Modeledwind directiors oscillatedbetween westerly and easterly during
the first 48 hoursbefore becoming easterly forelmiemainder of the periodFigure5-22c). This
was in good agreement with the observed directions and consistent wathstedy flow shown
in Figure5-17 near VAL This easterly flow (both mod=d and observegl wasfrom the Central
Valley, which passethrough the Carquinez Straitndcontinuedoward the ocean.

In the Sacramento Valleyat Sacramento (KSACFigure 5-23), the simulations
developed diurnatemperaturecycles and matched upwell with observationsKigure 5-23a).
Observed wnd speeds in the valley were nearly calm for most of the peexcepton the
second day whespeeds were as high 48 m's due toa front that passed through thstate
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(Figure5-23b). The near calm winds after the second degurred duringhe time when the

high PM episode occurred in the Central Valley. Both simulations agreed with the observations
with theexcepion of slower than oberved wind speeds during thiental passageNote thatthe

FDDA effectdid simulate faster wind speeds than NOFDDAhe wind direction time series
show both simulations had the winds change between northwesterly and northeasterly constantly
except forthe second dawhenthe winds were northerlguring the frontal passed Kigure
5-23c). The changes wind directionf appeared to show large swings in directibnt in
reality, the change was smaller as the wind likely swaudk land forth betweemorthwesterly to
northeasterly across 360 degred$e directions only span between O degrees and 360 degrees
and therefore it appears the wind may have changed significantly when it more likely only
changed by about 20 degrees. thinately, too many observations were missing or calm to
provide a clear comparison. HowevEnen though there were a lot of missing observations,
there wasome indication of the wind directi@djustment wheRDDA was used

In the San Joaquin Vallegt Modesto (KMOD Figure5-24), both simulations develeg
thetemperatureliurnal cycle seen in thebservationsKigure5-24a). The daytime temperature
from both simulations for the first two days ati last day agrelewell with the observation,
while simulated values wergarmer than observatision days 3 and 4. The moded nighttime
temperaturegsverewarmer than the observedhich confirmed a warm bias in the model for the
Modesto area Wind speeds were nearly calm throughout the peredept for the second day
when the front passed throyglihich both simulations repduced fairly well(Figure 5-24b).
Therewasa clear advantage of using FDDA at this sitetheFDDA curve was closer to the
observed The winds were southerly for half of the time perisdgitching tonortherly the front
passedKigure5-24c). During the fourth day the MFDDA simulation shows that northwesterly
and northeastby flow persisted over the argm relative agreement withbservations As with
wind speedtherewas amnadvantagéo using FDDA.

At Fresno (KFAT) both simulations agreed well with themperatureobservations
(Figure 5-2538). During the second day the front kept temperatures in the area Booh
simulationsproducedcooler temperatures than the observations for about the first 70 hours.
Although no temperatur@asnudged in PBL, FDDA seeadto helpduringdaytime conditons
on dayl, 4 and 5. The observed wind speeds oscilthteetween calm andon-calm nearly
every hour throughout the perioéFigure 5-25b), with the fastest observed winds occurring
during thefrontal passage oday 2. The ostating patterns seeed to indicaie possible
problems with the wind speeadstrument, even at higher speedBoth simulations shoed a
diurnal signal with wind directionsF{gure 5-25c). Winds were easterly at night, which
represened the downslope flow off the Sierra Nevada Mountains, and westerly during the day
representing thapslopeflow.

At Bakersfield (KBFL, Figure5-26), at the southern end of the San Joaquin Valley, the
simulated temperaturesgreedwell with observations for the first 60 hours before the model
produced consistenthyarmerresultsthan the observationsThe largest warm bias near10°C
on the third night(Figure5-26a). The observedalms that ocawed throughout the period were
not reproduced by the simulatio(fSgure5-26b). The frontal passagef day 2 was not handled
well by either simulation, but theIFDDA2SPrun did produce higher speeds than NOFDDA
Thesimulatiors reproduced the upslope and downslope winds laeaho Figure5-26¢c). Once
again, the MFDDA2SP results were in better agreement with the observations.
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Figure 5-20: Time series plots for San Jose. a) Temperature. b) Wind Speed. c¢) Wind Direction.
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Figure 5-21: Time series plots for Livermore. a) Temperature. b) Wind Speed. c¢) Wind Direction.
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Temperature, Vallejo, (12UTC 12/16/2000 - 12UTC
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Figure 5-22: Time series plots for Vallejo. a) Temperature. b) Wind Speed. c) Wind Direction.
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Figure 5-23: Time series plots for Sacrameto. a) Temperature. b) Wind Speed. c) Wind Direction.
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Temperature, Modesto (KMOD), (12UTC 12/16/2000 -
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Figure 5-24: Time series plots for Modesto. a) Temperature. b) Wind Speed. c) Wind Direction.
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Temperature, Fresno (KFAT), (12UTC 12/16/2000 -
12UTC 12/21/2000)
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Figure 5-25: Time series plots for Fresno. a) Temperature. b) Wind Speed. c¢) Wind Direction.
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Figure 5-26: Time series plots for Bakersfield. a) Temperature. b) Wind Sged. c) Wind Direction.
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5.3 Summer Ozone Case Results
5.3.10bjective Analysis Results

All statistical comparisons mader the summer ozonease wereimilar to the statistics
for the winter case (averaged owechdomain, averaged every three hours tue surface,
averaged every twelve hours for upper air, etc.). This case had similar synoptic conditions with
the winter case where there was very little moisture and precipitation throughout the time period.
Therefore, the same radiation scheme usedh® winter case (RRTMyvas also used for th
summer As with thewinter case, three LSMgereevaluated.

5.3.1.1Entire 4km Domain Verification

For the summer case, the 5 layer thermal diffusion scheme was notdestadpared
with the other thre& SMs because iproducedthe largesterrors on the three domains for the
four meteorological fields (not shown)able5-9 shows the surfacBIAE statistics comparing
the NOAH, RUC, and the PleiXiu (PX) land surface models (LS All three LSMs
performed similarly for all the fieldswith only 2% difference in RH, less than @G difference
in temperatureabout 12 degres difference in wind directionandall three produced nearly the
same errors for the wind speed. EachvLBerformedslightly better than the others for a
particular field such as the NOAH LSiasthe best foRH, while the RUC LSMwasthe best
for temperature.

Table 5-9: Surface MAE Statistics comparing three laad surface models

36 km 12 km 4 km
Relative Humidity
Noah 12.1 12.5 11.8
RUC 13.0 12.8 14.1
Pleim-Xiu 12.2 13.2 12.4
Temperature
Noah 2.7 3.0 2.9
RUC 2.5 2.7 2.7
Pleim-Xiu 2.7 3.2 3.0
Wind Direction
Noah 56.2 54.3 48.5
RUC 56.2 54.7 489
Pleim-Xiu 56.7 54.6 475
Wind Speed
Noah 1.6 1.6 1.5
RUC 1.7 1.6 1.6
Pleim-Xiu 1.6 1.6 1.7

For upper air Table 5-10), dmilar to the surfaceall three LSMs performed about the
same for all the fields. Overall, rgarticular LSMwas better than the othefor the summer
case. Since the PX schem&asdeveloped byhe U.S. EPAand has been widely used for air
quality applications, itvaschosen along with the RRTM radiation scheme, as the land surface
model for usen the FDDA simulations for this case.
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Table 5-10: Upper Air MAE Statistics comparing three land surface models
36 km 12 km 4 km
Relative Humidity
Noah 13.1 12.8 13.9
RUC 13.0 13.0 14.2
Pleim-Xiu 127 12.7 13.5
Temperature
Noah 1.2 1.2 1.2
RUC 1.2 1.2 1.2
PleimXiu 1.2 1.3 1.1
Wind Direction
Noah 26.9 28.5 26.2
RUC 26.7 28.3 26.9
Pleim-Xiu 27.5 30.3 26.7
Wind Speed
Noah 2.6 2.5 2.2
RUC 2.6 2.5 2.2
Pleim-Xiu 2.6 2.5 2.2

Figure5-27 shows the surface MAE statistics comparing the experimentithabt use
FDDA to two simulationsthat both use the multiscale FDDA method. The MFDDA4
experimentassimilatedonly WMO observationswhile the MFDDAS experimentssimilated
both WMO observations aritie same kind o$pecial surface wind observatioas used in the
winter case The special surface wind dataset used in this stodgistedof data fromthe
BAAQMD, AQS, and NCDC. Figure 5-27 a and bshowsthat using FDDAreducedthe
temperature an&H errors eventhoughno FDDA wasapplied for mass fields within the PBL.
The largest improvemeiaittributedto the use of FDDAwasin the wind direction fieldFigure
5-27c). Only a slight improvemenwvasseen in the wind speed erroBdure5-27d) by the two
MFDDA experiments whichvereexpected since the windasgenerally light in this ozone case.
The MFDDAS5hadthe besfit statisticaly out of the threeaswasexpectedor the surface.

Figure 5-28 shows the surface MEomparisorstatisticsof the three experiments. The
MFDDA experimentdada slightlyhighermoisture bias than th&dOFDDA experiment Figure
5-28a). All three experimentsada cold bias ofapproximately0.51 K (Figure 5-28b). The
wind direction biasewerequite small Figure5-28c). Wind speeds also slowed sltgh(Figure
5-28d).

Figure5-29 is similar to Figure 5-27, exceptnow showingupper air MAE statistics for
the three FDDA experiments. The assimilation of moisture and tetapedata in the upper air
allowed the MFDDA experiments to significantly reduce the RH erfiggi(e5-29a), while the
temperature errorgroppedby approximately0.7 K compared to theNOFDDA experiment
(Figure5-290). Both MFDDA experiments also significantly redddee wind direction errors
by approximatelyl5-22 degreegFigure5-29c) and wind speed errolsy aboutl.5 nis (Figure
5-29d) comparedd the NOFDDA simulation,as was the case ftine wind direction and wind
speed statistics for the surface. Once again the MFDDAS experiment was the best experiment of
the three for the upper air.
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3-hourly surface RH MAE scores 127 87/29/2088 -- 127 88/03/2008
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Figure 5-27. Surface MAE statistics comparing three FDDA experiments.
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3-hourly Surface RH Mean Error scores 127 87/29/2008 -- 127 88/03/2000 3-hourly surface Temp Hean Error scores 127 87/29/2088 -- 127 88/83/2008
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Figure 5-28. Surface ME statistics comparing three FDDA #mulations. a) RH. b) Temperature. c) Wind
Direction. d) Wind Speed.
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12-hourly Upper Air RH MRE scores 127 87/29/2808 -- 127 B8/03/20080 12-hourly Upper Air Tewp MAE scores 127 87/29/2008 -- 127 88/03/2800
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Figure 5-29: Upper air MAE statistics comparing three FDDA experiments a) RH. b) Temperature. c)
Wind Direction. d) Wind Speed.

Figure 5-30 shows the upper air ME statistics for the three experiments. The upper air
biases for all four meteorological fieldgeremuch smaller tn the surface biaseBigure5-28).
The MFDDA experiments essentiallgid not have any temperaturdigure 5-30b), wind
direction fFigure5-30b), or wind speedKigure5-30b) biases except for the small wind directi
bias on 1Zkm domain. Note that therevereonly two upper air stations within thekén domain
both used in FDDA. The results by no means ietpthat the modelvas nearlyperfect. Both
MFDDA experiments overall perforad better than theNOFDDA expeiment, with the
MFDDAS5 experimenthaving performed the best of all three. Therefore, the MFDDA5
experimentwould be compared to th&lOFDDA experiment for the subregion statistical
comparisons and for the independent verification.
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12-hourly Upper Air RH Mean Error scores 127 87/29/2800 -- 127 08/03/2088 12-hourly Upper Rir Tewp Hean Error scores 127 B7/29/2080 -- 127 88/683/2008
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Figure 5-30: Upper air ME statistics comparing three FDDA experiments.a) RH. b) Temperature. c) Wind
Direction. d) Wind Speed.

5.3.1.2 Sutegion Verification

Similar to the winter case, statistical evaluatiovere performed for each of the three
subregions: Bay Area, Sacramento Vallayd San Joaquin Valley. The surface MAE statistics
for the Bay Area region are shownTiable5-11. Both experiments produdeearly the same
errorsfor the RHandtemperaturewith some slightlegradatiorfor MFDDADS. Note that there
wasno mass field assimilation within the PBLThe MFDDAS5 experimenhad smaller erros
than theNOFDDA experiment for wind direction angdind speeddue toassimilatedof surface
wind observations The upper air MAE statistics for the Bay Area region are showraie
5-12. The MFDDA5 experimentdid much better than the&NOFDDA experimentand reduced
errors by at least 50%n all four fields.

Table 5-11: Surface MAE Statistics for the Bay Area region comparingNOFDDA to MFDDAS.
36 km 12 km 4 km

Relative Humidity
NOFDDA 9.8 11.3 11.2
MFDDAS 104 10.1 10.3

Temperature
NOFDDA 2.3 2.1 2.0
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MFDDAS 2.4 2.2 1.9
Wind Direction
NOFDDA 48.1 40.5 35.9
MFDDA5 40.7 34.8 28.8
Wind Speed
NOFDDA 1.7 1.6 1.6
MFDDA5 1.5 1.4 1.2

Table 5-12: Upper Air MAE Statistics for the Ba

Area region compaing NOFDDA to MFDDAS.

36 km 12 km 4 km
Relative Humidity

NOFDDA 12.1 12.4 12.6
MFDDAS 4.7 3.5 4.2

Temperature
NOFDDA 1.1 1.1 1.1
MFDDAS 0.5 0.4 0.5

Wind Direction
NOFDDA 27.1 27.4 28.0
MFDDAS 11.4 8.0 9.7

Wind Speed
NOFDDA 2.2 2.2 2.2
MFDDAS 0.9 0.6 0.8

In the Sacramento Valleyl é&ble 5-13) the MFDDAS experimenperformedbetter than
the NOFDDA on all the domains at the surface Rif and temperaturainlike in the Bay Area
region. Therefore although tkere was no mass field assimilation, the effect of FDDwas
evidentin the Sacramento Valley. MFDDAS significantly improved the wind speed and
direction errors. Theraereno upper air statistics available feH and temperature because the
only upper airstations within the «m domainwere outside the region. The upper air wind
direction and wind speed statistiwwgresimilar to statistics for the surface atigderefore are not
shown.

In the San Joaquin Valleyléble 5-14) the MFDDAS experimenperformedbetter than
the NOFDDA experiment at the surface for all the fieldgcept on the 38m domain for the
RH, where results werenly slightly worse As in the Sacramento Valley, the MFDDAS only
slightly improved RH, temperatug, and wind speed errorhile wind direction errorsvere
significantly improved The upper air statisticaere not available forRH and temperature
because no upper air statiomsrelocated within the region. The upper air statistics for wind
direction and wind speederesimilar to statistics for the surfaemd, thereforgare not shown.
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Table 5-13; Surface MAE Statistics for the Sacramento Valley region comparingNOFDDA to

MFDDAS.
36 km 12 km 4 km
Relative Humidity

NOFDDA 11.2 14.5 11.8
MFDDAS 10.1 13.3 10.1

Temperature
NOFDDA 2.7 3.2 2.6
MFDDAS 2.3 2.8 2.3

Wind Direction
NOFDDA 42.5 40.3 48.1
MFDDAS 35.4 29.9 28.6

Wind Speed
NOFDDA 1.3 1.3 1.3
MFDDAS 1.2 1.1 1.1

Table 5-14: Surface MAE

Statistics for the San Joaquin

Valley region comparingNOFDDA to

MEDDAS5.
36 km 12 km 4 km
Relative Humidity

NOFDDA 9.1 12.5 17.8
MFDDAS 10.4 12.3 14.8

Temperature
NOFDDA 2.4 3.4 3.7
MFDDAS 2.3 2.8 3.4

Wind Direction
NOFDDA 51.6 45.8 50.9
MFDDAS 45.4 32.0 33.6

Wind Speed
NOFDDA 1.3 1.2 1.1
MFDDAS 1.1 1.0 1.0

5.3.1.3 Independent Verification

Similar to the winter case, tid¢OFDDA experiment and the MFDDAS experimemére

compared with an independent set of observations to judge the performance of the model. The

i ndependent

shows the surface MAE staitst averaged over the entirekh domain.

data consi

sted

of

dathbase Table51b o n s
The MFDDA5

experimentperformedbetter than th&lOFDDA for all the fields with a slight improvement in
temperatureand wind speed errorsand somewhat largemprovemens in the wind direction
errors. This indegndent verificatiordemonstratedgain that multiscale FDD#vasan effective

technique to reduce model errors and produce high quality gridded mesoscale analysis for use in

air quality applications.
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Table 5-15. Surface MAE Statistics comparing NOFDDA to MFDDA5 against an independent

dataset.

36 km 12 km 4 km

Temperature
NOFDDA 3.0 3.1 2.9
MFDDA5 2.8 2.8 2.7

Wind Direction
NOFDDA 54.9 48.1 50.6
MFDDA5 50.6 38.4 39.3

Wind Speed
NOFDDA 1.4 1.4 1.3
MFDDA5 1.3 1.2 1.2

5.3.2Subjective Analysis Results
5.3.2.136-kmDomainVerification

Subjectiveanalyse®f the numerical simulations for the summer casee conducted for
the 36km and 4km domains, subregions, and individual observatitgss Only thebaseline
(NOFDDA) and the bedtDDA experimerg (MFDDAS) wereexamined.

On the 36km domain, at 1200 UTC 29 July 2000, the model initial conditiothat
surface Figure 5-31a) showedthe trough thatvasobservedover California Figure3-13a). A
low pressure centewaslocated over western Arizonahile a pressurdiigh waslocated over
central Colorado. Themasnorth-northwesterly flow along the California coast. The 830
model intial condition Figure 5-31b) showedthat over the oceariherewas a low pressure
system to the north and high pressure system to the,sshith producedthe onshore flow
along the coast of northern California, Oregaand Wakington Over the southern tip of
Nevada, a cyclonic eddgaused offshore flowsouth of the Bay Area. The 508@b initial

conditions Figure5-31c) showed a high pressure system over central Arizona with the western
edge of the igh over California.
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Figure 5-31: Plots of NOFDDA simulation at July 29, 2000. a) Surface. b) 85@b. c) 500mb.

Over the next 72 hours thebservedsynoptic conditions did not change mucfihe
observedsurface heat lows and their associated troughs remained over California and the
southwest U.Swhile a high remained centered over Colordgigire3-15). Model simulations
with and without FDDA did a good job innsulating the synoptic conditions. For example, a
1200 UTC 1 Aug 2000, 72 hours into the simulation, bothNK#DDA and the MFDDAS
simulations placed a surface high over the Pacific Ocean west of Washington and Oregon
(Figure 5-32a and b) whichagreedwith observationsnot shown. The pressure gradient that
was simulated along the coast and the high centered over southern Coloradgralsdwith
observations. Both simulatiomsproduced the observednds. Bothhadthe observedonshore
winds over the Bay Area and westerly flow through the Carquinez Strait into the Central Valley.
The observations sh@as southerly winds over Frespnavhich both simulationsdid pick up
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along with the observed northerly flow over the Sacram¥alley.

On the850mb level, the MFDDAGS simulatiomlid a superior job over the NOFDDA run
in producingthe strong pressure gradient around the high weestobserved off the coast of
California Figure5-33). MFDDAS alsorepresentedhe ridge over Oregon better as well. Both
simulations develogd the temperature pattern observed over the ocean west of Washington and
Oregon (not shown). MFDDASIimulatedwinds weremuch better becausedid a superior job
in resolving the obseed easterly and northeasterbffshore flow over the Bay Area In
contrast, theNOFDDA results hadvesterlyonshoreflow over the Bay Area. This comparison
indicatedthat MFDDASdid a better job on the 850b level thanNOFDDA.

Onthe500mblevel, at1200 UTC 1 Aug 2000, thebservecdigh progressedo the north
andwascentered over northern Nevad®{ shown. TheNOFDDA extendedhe high over the
ocean which agreedwith the observationsalthough the observed higixtendeda little farther
out tosea. In contrastMFDDAS only extendedthe edge ofhigh to the coastRigure 5-34).
Both simulationsdid a good job reproducing the windgspecially thesoutherly and
southeasterly flowsbservedver the Bay Area and CentMalley. Overal] both theNOFDDA
and the MFDDAS5 simulationdid a reasonablgob of representing th&00-mb observations on
the 36km domain.
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Figure 5-32. Surface plots at 1200 UTC August 1, 2000a) NOFDDA. b) MFDDAS.
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