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Executive Summary

The Lake Michigan Air Directors ConsortilACPprepared this technical repotb document

the evaluation of 2022 Weather Research Forecast (WRF) model simulation to support
regulatoryair qualitymodeling forozone (33), fine particulate matter®M s), andregional haze
planning.This report details the WRF modeling inputs and configuration, modeling procedures,
model evaluation methodology, and model performance analysis restAMSCO used the WRF
version4.5 model (Advanced Research WRF dynamic core-ARW) to simulate meteorology

on 12km, 4km, and 1.3&m domains focused on the Great Lakes Basin for the yet 2be
configuration ofthe final 2022WRF simulation asbased orresults from a series ghodel

configurationexperimentscompleted by LADCO

LADCO conducted qualitative and quantitative analysis to assess operational performance of the
2022 WRF modeling-ocusof this analysis is on th&tates in theLADCO region. For thekdn

domains, the WRF performance is evaluated by state; and for the 1.33 domains the performance
is evaluated for the entire domain. LADCO compared modeled surface pressure, precipitation,
and wind vectors against observat®by season anfbr selectedhigh-concentrationOz events.

We also performed a detailed analysis of thedel duringlake-breezeeventsat the shoreline

monitorsof Lake Michigan

LADCO found that the Im and 4km WRF simulations adequately captured the observed
mesa and synoptiescale processes duridgine 2022duringwhichobserved surfac€s and

PM:s were elevated due to fire smoke transport into the regiorhe LADCO WRifmulation
represensvery closeapproximation of the actual meteorology that occurred ire20While the
WRF performance statistics for the-kéh and 4km grid resolution simulatiogare within the
acceptable performance benchmarkke 12-km simulation has a&lightcold andwet bias in the
summer across much of the Eastern U.S. For tkm4NVRF simulatioall the summer season
metrics, with the exception of wind direction error, fall within the simple terrain model
performance benchmarks; the wind direction error falls within the complex terrain benchmark.

The 1.33 km WRF simulations had very good model pednce with low errors for all variables
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and biases near zero. Both errors and biases for temperature and specific humidity atkhe 12
grid resolution are reduced by aboli®% at the 4m resolution. There waa slight degradation
in model performance for the analyzed variables between therdand 1.3%m resolution

simulations.

Analysis of WRF performance at shoreline monitors duekegbreezeevents showed that the
model successfully reproduced the surface conditikADCQised a noveCART statistical

model using data from selected surface stations on the shorelines of Lake Michigan for
identifyinglake-breeze daysn 2022 WRF performed well predicting temperature, moisture, and
winds at the shoreline monitors duringke-breezeevents. The model performance is slightly
better on the lakebreeze days compared to the néake-breezedays on shoreline of Lake
Michigan The 4km and 1.3%m simulations had better performance simulating lake breeze

conditions than the 1zkm simulation
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1 Introduction

The Lake Michigan Air Directors Consortium (LADCO) used the Weather Research and
Forecasting (WRF) model (Advanced ResearchdjiRifnic core WRARW; Skamarock et al,

2008) to simulate meteorology in the Great Lakes Basin for the y&& ¥ORF is a mesoscale
numerical weather prediction system designed to serve both operational forecasting and
atmospheric research needs. WRF contains separate modules to compute different physical
processes such as surface energy budgets and soil intemactiorbulence, cloud microphysics,

and atmospheric radiation. LADCO used the WRF Preprocessing System (WPS) to generate the
initial and boundary conditions used by WRF, based on topographic datasets, land use

information, and largesscale atmospheric angkceanic models.

This report describes an application and performance evaluation of WRF verSiornsémulate
2022 meteorology on 1Zkm, 4km, and 1.3%m domains focused on the Great Lakes Basin. This
report describes the meteorology model configuratiand input data(Section 2usedfor the
simulatiorny the model performance evaluatioapproach andesults(Section 3)model

performance forsimulatinglake-breezeevents (Section 4andconclusions and future work

(Section 5).
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2 WRF Model Configuration

This section describes tlsdftwareconfiguration for theLADCQ022 WRFsimulation, including

the version of the model, horizontal and vertical domain structures, input data sources, physical
parameterization optionsfour-dimensional data assimilation (FDDa)d application

methodology. LADCO designed the20VRF simulation to estimate regional to continental

scale meteorology to support emissions and air quality modeling applications for the Great Lakes
region. The physics options for the LADCO WRF simulation were based on the best performing
WRF configuratio identifiedthrough severatest configurationglone inhousethat build upon
recentWRFsimulations donecross the U.Sincludng EPAWRF 2022US EPA, 2024; US EPA

2019) LADCO sensitivity modeling for 2022 (LAXD@4) and LADCO 2016 simulatioftsADCO

2022; LADCO, 2018)

2.1 WRF ModeNersion
LADCO used the publicly available version of WRF vet&onhe WPS preprocessor programs
were used to develop model inputs included GEOGRID, UNGRIB, and METGRID.

2.2 Horizontal Modeling Domain
LADCO simulated meteorology with WRFtfoee one-way nested domains that are based on

the standard Lambert Conformal Conic (LCC) projection centered on the continental U.S.:

USEPA 12US2 (dQ112km continental U.S. domain

LADCO4 (d02%-km Great Lakes regional domain that contaai$ ADCO states, and
parts of the adjacent states and Canada

LADCO1.33west (d03).33km domain that focuses on coastal sites around Lake
Michigan
Figurel illustrates theLADCO 202%/RF modeling domasmand their extentsTablel shows the

O«

O«

(@]

map projection andyrid parameters for the WRF modeling domains. The outekrhZdomain
(d01) has 472 columns and 312 rows, selected to be consistent with the existing U.S. EPA 12US2

modeling domaih The 4km domain (d02) has 445 columns and 421 rows with an offset from

L https://www.epa.govi/sites/default/files/202610/documents/met_model_performancg016_wrf.pdf

4
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Ithe d01 grid origin of 206 columns and 110 rows. The Lake Michigakm 8®main (d03) has

328 columns and 493 rows with an offset from thekeh grid origin of 186 columns and 144 rows.
50°N
45°N
40°N
35°N
30°N

25°N

120°W 110°W 100°W 90°W 80°W 70°W

Figurel. LADCO WRF 12/4/1.38n domains

Tablel. Projection and grid parameters for the LADC22Q0VRF modeling domains

Parameter Value
Projection LambertConformal
1st True Latitude 33 degrees N
2nd True Latitude 45 degrees N
Central Longitude -97 degrees W
Central Latitude 40 degrees N
do1 X.Y origin offset ncol, nrow | -2412 km-1620 km| 472, 312
d02 XY origin offset ncol, nrow | -132 km,-420 km| 445, 421
d03 X,Y origin offset ncol, nrow | 576 km, 84 kny 328,493
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2.3 Vertical Layer Structure
LADCO configured the WRF model to use a teffiidiowing sigma coordinate system defined by
pressure levels from the surface up to 50 iRth a totalof 36 vertical evelinterfaces(35

layers) Table2 tabulates the LADCO WRF vertical model layer structure.

Table2. LADCO WREF vertical layer structure

WRF Height Pressure Thickness

Level (m) (Pa) Sigma (m)
36 17,556 5,000 0.000 2,776
35 14,780 9,750 0.050 1,958
34 12,822 14,500 0.100 1,540
33 11,282 19,250 0.150 1,280
32 10,002 24,000 0.200 1,101
31 8,901 28,750 0.250 969
30 7,932 33,500 0.300 868
29 7,064 38,250 0.350 789
28 6,275 43,000 0.400 722
27 5,553 47,750 0.450 668
26 4,885 52,500 0.500 621
25 4,264 57,250 0.550 581
24 3,683 62,000 0.600 547
23 3,136 66,750 0.650 517
22 2,619 71,500 0.700 393
21 2,226 75,300 0.740 285
20 1,941 78,150 0.770 276
19 1,665 81,000 0.800 180
18 1,485 82,900 0.820 177
17 1,308 84,800 0.840 174
16 1,134 86,700 0.860 170
15 964 88,600 0.880 167
14 797 90,500 0.900 83
13 714 91,450 0.910 82
12 632 92,400 0.920 81
11 551 93,350 0.930 81
10 470 94,300 0.940 80
9 390 95,250 0.950 79
8 311 96,200 0.960 79
7 232 97,150 0.970 78
6 154 98,100 0.980 39
5 115 98,575 0.985 38
4 77 99,050 0.990 39
3 38 99,525 0.995 19
2 19 99,763 0.9975 19
1 0 100,000 1.000 0
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'2.4 Topography and Land Use Data

LADCO developed the topographic information for WRF using standard WRF terrain databases.
We based all domain simulations on nine second (~300 m) resolution topography data; the land
use and land cover data were based on the 2011 National Land Cover Database. The NLCD is a

40-category, 36meter resolution dataset of lanrdover for the continental U.S.

2.5 Atmospheric Data Inputs

WREF relies on meteorological fields from other modelseanalyss (blend of model and
observations) to provide initial and boundary conditions (IC/BC) and input fields for FDDA. FDDA
refers to the nudging of the WRF simulation toward observed analyses to control model drift so

that the WRF meteorological fields bettespresent actual historical conditions.

The LADCQ@022WRF simulation usea blend ofl2-km resolutionNorth American Mesoscale
C2NBOI ad {@&aisSyMaM Gds21g anttelkniresBlltionHiyHRdsolution
Rapid Refresh VersionModel data(HRRRv4pr IC/BC and FDDA. TBBNAM reanalysis data
were downloadedfromthe b h ! IN&t@nal @nter for Environmental InformationNCE)
servef and thesurfaceHRRR4 datasetwas accesseduring September 2024rom

https://registry.opendata.aws/noadarrr-pds.

2.6 Diffusion Options
Horizontal Smagorinsky firstrder closure with sixttorder numerical diffusion and suppressed

up-gradient diffusion.

2.7 Lateral Boundary Conditions
Lateral boundary conditions were specified franblend of theNAMand HRRRw4itialization
dataset on the 12 km CONUS domain with continuous updates nested from the 12 km domain to

the 4 km domainand continuous updates nested from the 4 km domain to the 1.33 km domain.

2 https://www.ncei.noaa.gov/thredds/catalog/modetamanl/

7
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2.8 Top and Bottom Boundary Conditions
The top boundary condition was selected as an implicit Rayleigh dampening for the vertical
velocity. Consistent with the model application for niolealized cases, the bottom boundary

condition was selected as physical, f@te slip

2.9 FDDA Data Assimilation

LADCO constrained the WRF model solution using a combination of analysis and surface
observation nudging, i.e., FDDA. We ran the WRF model with a combinatitkénd HRRR4
analysis and observational data fb2-km and 4km domainsonly. For the grid nudging we used
analysis nudging coefficients of 0.3%1€" for horizontal winds and temperature, and a
coefficient of 1.0x10 s for water vapor mixing rati¢grid_fdda) We only applied the analysis
nudging above the planetary boundary lay{éVeassimilated surface obserianal data in the
surfacegrid nudgingfor 12-km and 4km damainsas well TheNCEP ADP Global Surface
Observational Weather Data little_r format wasobtainedfrom the Research Data Archive at
the National Center for Atmospheric Research, Computational and Information Systems
Laboratory(https://doi.org/10.5065/4F4PE398 Accessediuring September 2034We applied a
nudging coefficient of 0.3x10s™ for horizontal winds and temperature and a nudging coefficient

of 1.0x1C s* for water vapor mixing ratio for the observatigmid nudging(grid_sfdda)

2.10WRF Physics

Version 4.5 of the WRF model, Advanced Research WRF (ARW) core (Skamarock, 2008) was use
for generating the 2022 simulationhADCO simulated winter (Januarg3) and summer (June

15-30) test periods foeightdifferent cases ofNVRFconfiguratiors and found the
LADCOWRF45 APX NAM_HRRRG6_obs case was the best perfoonfigurationwith the

lowest errorsand biags computed at surface monitons the LADCO regiohAD©, 2023. The
LADCQVRF 202physics options incluakthe PleimXiu land surface modehe Asymmetric

Convective Model version 2 planetary boundary layer sch@teim 2007)KainFritsch cumulus

30otte, T.L. 2008). The impact of nudging in theeteorological model for retrospective air quality simulations. Part
II: Evaluating collocated meteorological and air quality observations. Journal of Applied Meteorology and
Climatology, 47(7): 1868887.
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parameterization(Kain 2004)tilizing the moistureadvection trigger (Ma and Tan, 2009),

Morrison double moment microphysi¢Morrison et al. 2005)and RRTMG longwave and

shortwave radiation schemes (Gilliam and Pleim, 2010).

A summary of th&VRF model physi@énd FDDAptionsthat LADCQ@sed for optimizing WRF

performance fo the Great Lakes and central Midwest U.S.sdrewnin Table3.

Table3. LADCO 222 WRF Physics and Other Options

WRF Treatment

Option Selected

Notes

Microphysics

Thompson Scheme

mp_physicsx0

Longwave Radiation

RRTMG

ra_lw_physics=4; Rapid Radiative

Transfer Model (RRTM) for GCMs

includes random cloud overlap and
improvedefficiency over RRTM.

Shortwave Radiation

RRTMG

rw_ww_physics=4; Same as above,
but for shortwave radiation.

Land Surface Model (LSM)

PleimXiu LSM
PleimXiu surface layer option

sf_surface_physic3=

sf_sfclay physics=

Planetary Boundary Layer
(PBL) scheme

ACM2

bl_pbl_physics#

Cumulus parameterization

KainFritsch in the 1Zxm and
4-km domains with moisture
advection based trigger. None
in the 1.33km domain

cu_physics=1 and trigger_option=2;
1.33km can explicitly simulate
cumulusconvection,so
parameterizatioris notneeded.

Analysis Nudging

Aloft nudging applied to wind,
temperature and moisture in
d01 and d02

Only nudging above the planetary
boundary layer

Observatiornin gridNudging

Surfaceobservationnudging
applied to windstemperature,
and moisture ird01 and d02

0.3x10%s? (1)
0.3x10% st (uv)
1.0x10° s (q)

Initialization(initial and
boundary conditions)

Blend of NAM218 (ERm)with
surfaceHRRRv4 (Bm)

reanalysis data i6-hr interval

0.3x10% s (1)
0.3x10% st (uv)
1.0x10° s (q)

2.11Model SimulationDetails
LADCO simulatesheteorology withWWRF4.5for the three nested domain®verthe U.Son the

Amazon Web Services (AVERstic Compute Clougsinga distinct number ofCPUslepending

on pre-processing1 node and 40 CPUs per nodagtual wrf.exe simulatio(4 nodes and ®

CPUs per nodeand postprocessingl node and24 CPUgper node) The annualWRFsimulation
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Iwasrun inquarters. Within eachquarter, WRFexewasexecutedin 10-day intervalsThe first 10
day blockof a quarterwasconsideredasa spinup periodwith each subsequerit0-day
simulationinitialized with arestartfile from the previous10-day simulationgffectively
simulaing the quarterly WRFun continuously We useda 60 second integration time stegmd
the results were outpuait 60-minute intervals Further,the hourly WRF results wereritten out

to 12-hour output files (2 files/day)

LADCO simulated WRF from Decen2021 through February 22023for the 12km CONUS
domain (d01)and the 4km Midwest domain (d02)and from Marct1, 2022 through October
31, 2022 and forall three nested domains (dDthrough d@®). We successfully completed thES-

month WRF simulatioan all three domain# 12 wall clock days.

10
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'3 WRF Model Performance Evaluation

LADCO conducted qualitative agdantitative analysis to assess operational performance of the
2022 WRF modeling. For the &2n domain modeling, which covers the entire continental U.S.
and parts of Canada and Mexico, exaluated the model performanday Multi-Jurisdictional
Organization (MJQgxtent. MJOs are regional organizations that provide a forum for neighboring
states tocollaborateon air quality planningFigure2). The focus of this WRF performance
analysis is on the LADCO regiior. the 4km domain, the WRF performance is evaluated by

state; and for the 1.33 domain the performance is evaluated for the entire domain.

Approx. RPO Boundaries

,_| CenSARA
LADCO
SESARM
Northeast
WRAP

Figure2. Multi-Jurisdictional Organizations in the Continental U.S.

LADCO conducted a standard model performance evaluation using surface observations of
temperatures, winds, and humidity. We alsompared modeled surface pressure, precipitation,
and wind vectors against observatitvased weather maps for higtoncentrationozoneand
particulate matterepisodic eventsBecausdake-breezesare a significant dynamical feature in
the region that drive some of the highest observed surface ozone concentratenserformed

a detailed analysis ahodel performancet Great Lakeshoreline monitorsAn accurateNVNRF
simulation ofthe dynamics, timing, and spatial extent of tlae-breezeisanimportant because

it provides a base for simulatingke-breezedriven ozonan the downstream air quality model

11
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for the Midwest, especially for shoreline monitadjacentto Lake MichiganThis chapter details
the model performance evaluation (MPE) approach used by LADCO to understanatityeof
the 222 WRF simulation.

3.1 Model Performance Evaluation Approach

LADCO conducted qualitative and quantitative analysis to assess operational performance of the
2022 WRF modelingThe guantitative model performance evaluation of WRF using surface
meteorological measurementasperformed usinghe Atmospheric Model Evaluation Tool

(AMET) version 15. AMETcalculates statistical performance metrics such as bias, error, and
correlation for surface winds, temperature, and mixing ratio and can produce time series of

predicted and observed meteorological variables and diurnal performance statistics.

3.1.1 Observational Data for Model Evaluation

The National Oceanic and Atmospheric Administration (NOAA) Earth System Research Laboratory
(ESRL) Meteorological Assimilation Data Ingest System (MADIS) data were used to evaluate 2
temperature, 2m water vapor mixing ratio, and 19 wind speed anavind direction estimates

for each simulation domain and monthADCO evaluated the WRF model hourly outputs against
observed surface temperature, specific humidity, and wind fields from the METAR network. The
guantitative model performance evaluation of WRF using surface meteorological measurement
wasperformedbased orcollocatedhourly observed and model valués grid celsin which

monitors arelocatedusingthe AMEW1.5tool, and summary plots and tables were created using

the statistical software R version23.

3.1.2 Benchmarks for Meteorological Model Performance

LADCO used several performance benchmarks to evaluate the performance of the WRF 2022
simulaton9 YSNE S Ff® onvnnam0d RSNAGSR yR LINRBLR2AS
typical meteorologicatonditionsfor meteorological simulationssed inair quality model

applications. These performance benchmarks were based upon the evaluation of about 30 MM5

and RAMS meteorological simulations of limited duration (rrddty episodes) in support of air

4 http://www.cmascenter.org

12
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Iquality modeling study applications performed over several yearsb&hehmarks were based

on ozone model applications for cities in the eastern and Midwestern U.S. and Texas that were
primarily simple (flat) terrain and simple (stationary hgfessure and stagnant) meteorological
conditions. More recently these benchmarks have been used in anmeigorological modeling
studies that include areas with complex terrain and more complicated meteorological conditions;
therefore, they must be viewed as being applied as guidelines and not #inghtumbers. That

is, the purpose of these benchmarksh@ to give a passing or failing grade to angteorological
model application, but rather to puhe modelingresults into the proper context of other

models and meteorological data sets.

Recognizing that simple conditions benchmarks may not be appropriate for more complex
conditions, McNally (2009) analyzed multiple annual runs that included complex terrain
conditions and suggested an alternative set of benchmarks for temperature, nargeigeline

of within £1.0 K for bias and 3.0 K for error. As part of the Western Regional Air Partnership
(WRAP) meteorological modeling of the western United States, including the Rocky Mountain
Region as well as the complex conditions in Alaska, Kedibak et al.(2005) proposed model
performance benchmarks for complex conditions. Based on these reviews, we have adopted
GAAYLI S¢ YR aO02YLX SE¢ Y2RSt LI SNF2NXYIyOS oSy
and winds Table4).

Table4. Meteorological model performance benchmarks for simple and complex conditions

Parameter Simple Complex
Temperature Bias X pndp X BHO
Temperature Error X HOn X odp
Mixing Ratio Bias X pmMdn NA
Mixing Ratio Error X HDdn 3 NA
Wind Speed Bias X pnndp X pmMdg
Wind Speed RMSE X H DN X H®Pp
Wind Direction Bias X pmMn R NA
Wind Direction Error K degrees | X pp R

13
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The equations for bias, error, and root mean square error (RMSE) are given below.

1Y
Mean Bias (Bias) = =

1 &
—Z|R -0,

Mean Absolute Gross Error (Err@r)N i=l
74

/2

1 & 2
Root Mean Square Error (RMS WZ(P —O;) }
i=1

The following sections will present modedrformance resultand discussioffor each grid

resolution.

3.2 Model Performance for theSynoptic Scal®rocesses

LADCO compared modeled surface pressure, precipitaiah divergence winds with
observationbased weather maps fdrigh pollution episodic periods 2022. Figure3 shows

time series oftatecaveragedaily maximum &our average ozone (MDA®) and 24hour
average fine particulate matter (P concentrations in the Midwedbr the year 0f2022 Gray
bars in the figure represent days influenced by fire smdkeese days aridentified based on
two conditions (1)state-wide mean standardoncentrationanomalygreater thanl.5 and(2)
HMS smoke presenge the column Throughout 2022, there were several periods of elevated
PM:sand Q concentrations, including five notable episodes where both pollutants increased
due to the transport of wildland fire smoketmthe region. Among these, the period of June 14
22 had the highest peak for both pollutsn During this time, wildland fire smoke from Arizona,
New Mexico, and Alaska, combined with smoke from prescribed fires in lowa, Missouri, and
lllinois, reached the LADCO region. This resulted in an initial risezind®Ntentrations,

followed by an increase in MDA& Ebncentrations later in the period.

14
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Figure3. Daily maximum 8hour average ozone concentrations (top) and-Béur average fine
particulate matter concentrations (bottom)averaged by all monitors within eacétate in the
Midwest, 2022

Figure4 and Figure5 shov comparison®f surfaceweathermaps with 12-km resolutionWRF
modelresultsfor June #-16 and June 222, respectively. As discussed above, we selected these
datesfor analysis bemusevarious areas ithe regionexperiencecelevated PMsand MDAS @
surfaceconcentrationsduring these periodsThe National Centers for Environmental Prediction

(NCEP), Hydrometeorological Prediction Center, National Weather Seswitace weather

5 https:/Aww.wpc.ncep.noaa.gov/dailywxmap/explaination.html
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Imaps show the surface pressure isobars as solid lines in 4 mbar intervaseaamhotated with
centers of highand lowpressure systems. Surface temperature isotherms are shown as dashed
blue lines in 18C intervas. The maps showold and warnfrontsin blue or redandareas with6-

hour accumulategbrecipitationin green. LADCO created modielsed surface maps using the
12-km and 4km WRF outputs of the surface pressure, precipitataond divergence winds to

indicate fronts and pressure systeranters

The comparisons of the NCEP d2km WRF surface maps these figureshow that WRF
simulates well the extent and location of the highessureand lowpressure systems, cold
fronts, trough lines, and precipitation in the contiguous W$.the PM.sand Q episodes during
June 2022VRF capturewell the locatiors and magnitude of the highand lowpressure
systems in the Midwest at both 3#m and 4km resolutionwith surfacepressure difference

less than 2hPa in the earlier morning (7:00 am EST).

16
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Figure4. Comparison of surface weather maps witP-km WRFAnodeled outputs at 12:00 pm
UTC fordune 1416, 2022
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MONDAY JUNE 20, 2022 Modeled Surface Weather Map
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Figureb. Compua;;ison of surface weather maps witt?-km WRFnodeled outputs at 12:00 pm
UTC for June 202, 2022
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Figure6 and Figure7 show that thel2-km and4-km WRF simulatisproducedsimilarsurface
conditionsas the NCEP analydisgure6 showsgood agreement between the surface maps and
the WREF results fdnigh- and lowpressuresystem locations associat&dth an activelow-
pressuresystem centereen westernMinnesota on June 14, 202&ndthe evolution of the

a & a U ®Irand warnfronts in the Great Lakes region tve following twodays.A warmfront
crossing over Lake Michig&nom the northweston June 14, 2028 seen in boththe 12-km and
4-km WRFsimulations as a narrow precipitation bantbvingacrossthe region The WRF runs
also produced the observerbld fronton the eastern edge of the-km domainon Jun 1516,
2022.Similaritiesin the locations of highand lowpressuresystemcenters and inwind speed
and directions for the two different grid resolutions atae to a use of samBAM-HRRRIlata
assimilationfor both grids Figure6 also shows thathat 4-km grid simulatiorwas able to
reproduce thefeaturesof anoccludedcyclme (.e., the dissipation of théow-pressuresysten)
that formed over Lake Superior on Jub® In addition,the observedprecipitation featuresuch
as location and intensitglong the cold frontwere simulatedwell on thesedays.Similarly, the
model successfully simulated@wv-pressuresystem formed over Manitob&anadaand its

development during June 222, 2022 Figure?).
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Overall,as shown in these surface map comparistres12km and 4km WRF simulations
capturedwell the observed mesocand synoptiescale processes during these periofisthese
scales, he LADCO WRFZoutput fields represenain acceptableapproximation of the actual

meteorology that occurred in Z2.

3.3 Regionand Statelevel Model PerformanceStatistics
The following sections present the LADCO WRR @del performance at surface METAR
network monitors for temperaturespecific humiditywind speed, andwind direction Average

statistics are provided across the following dimensions for each diMR& modeling domains:

CONUS 1Rm (d01): by season and monitors in each MJO

O«

LADCO+4m (d02): by month and monitors in each state

O«

6 LADCO 1.3Bm (d03): by month and monitors the model domain

The average mean absolute errors (MAE) and mean biases (MB) of the key meteorology variables
are derived by averaging all hourly performance statisticafparticularmonth or season across

all METAR meteorological stations within the evaluation domegjion

3.3.1 CONUS12 WRF Model Performance

Table5 summarizes the WRF K2n domainwide model performance by seasdpatial plotdor

the WRF model performance at surface sites in the CONUS12 domaimigteR temperature,
2-meter specific humidity, 1@neter wind speed, and theter wind direction for each season

are show in Appendix A.1 Ese performance plots depict the seasonal model MB (colors) and
MAE (circle size) at each monitor simulatedy WRFmodel Figure23through Figure26 show

the seasonal MAEEnd MBs othe 2-meter temperature predictions across the MJO regions
These figures shotiat overall,the temperature estimates are iaxceptionally gooédgreement

with observationsThe estimated temperatures across the regamd seasoghaveabout1 K
errorswith near zero biasesxcept for the WestThe LADCO WRF modeling produced the largest

errors in the Rocky Mountain and California valley af@as+0.6 K MAES®)ith a tendency of

22



LADCO 2022/RFv4.5 Model Simulation and Evaluation

Icold biases in warmer seasons and warmer biases in cold se&onlsr but less pronounced
biases alsoccur inTexasanda few coastallocationsaroundthe Great Lakes.

Figure27 through Figure30 summarize thel2-km WRRF2-meter specific humidity(i.e., water
vapor mixing ratio) performance. The LADC@22IP-km WRF simulation hagry slight psitive
biaseg0.1-0.5 g/kgMB9 and low errors @.2-1.7 g/kg MAES depending on region and season
The magnitude and regiongariability of MAESs for specific humidity are lower in winteA£0.2
k/kg) compared to the summer @04 k/kg). Specific humidity isnbiasedn winter across the
domain, but isslightly oveestimated in summer and fall, with mean biases d@fkkg in the
LADCO regigrabout0.6 g/kg in theWest andSouth CentralThe modelnderestimated
humidity in the Gulf Coast and Floridg about-0.6 g/kg The model fails to simulate the
enhancedwvater vapor mixing ratiaue to convectivactivityin the South Centraland the influx
of moist air masses from the Gulf Mexico éwoutheast coast, and ripanareaof the

Mississippi Rivan summer In generalthe 12-km WRF performance for water vapor mixing
ratio wasacceptableand within the commonly used benchmark, except for the Soett,
TexasFlorida and @ilf coastin the summer.

Figure31throughFigure34 summarize the 10neter wind speed performance of tHeADCO
2022 12-km WRF simulatiormhe nodeled surface wind speeds aregnodagreement with
observations throughout the domain and season. Regional average errors (1.1+0.4 m/s) and
biases {0.3£0.7 m/s) are within the benchmark criteria of 2.0 m/s MAE and +0.5 m/s MB for
typical meteorological conditions. Overall, the LADCE22@-km WRF simulation of wind speed
tends to underestimatecross the MJO regions and seas@specially in the West and South
with moderate negative biases@.6 m/s) for all season arounw/ind speed estimates tend to
have lesser errors anuearzero biases in th&ast and the Niwest

Figure35through Figure38 summarize the 1@neter wind direction performance of the LADCO
2022 12-km WRF simulationThe WRF wind direction predictions exhibit the lowest MAEs in the
LADCO region (Z¥°) across all seasons, while MAEs are higher in all other regioa8{B1

with error levels varying by region depending on the sea3te. highet MAEs $6-58°) seen in
the West, South,Southeastand Appalachian Mountairthat persist throughout the year along

with more prominent in spring and summer could be explainedneyfactthe wind direction
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Ierrors increase with underestimation of tlveind speed {0.7 m/sMB), which igriggered by the
model overestimation of specific humidit9.6 g/kgMB) in the warm seasond his indicates that

the modeldid notaccuratelyresolvethe orographic effecteand summertime convective

processesn thesecomplex terrairregiors. In addition, wind direction estimates the Gulfof

Mexico and Southeast coastal states watversely impacted by th€ategory 4 hurricareFiona

and lanthat occurred inSeptember 2022. dhetheless, the model estimates for thend
directionmet the benchmark for the compx meteorologicakonditionfor these regionsThe 12

km WRF wind direction predictions are the best for the LADCO region as compared to other MJO
regions. The mean MAE is abodtdegreesn cold seasons and aboB0 degreesn warm

seasons for the LADCO region.

It is not easy tanterpret wind direction biases in the larger terogal scale sucasmonthly or
seasonally without a knowledge of observed wind direction at statisngeneral, positive
(negative)biases in the wind direction indicate that modeled wind direction is shifted clockwise
(counterclockwisejelative to theobserved wind direction a monitoring station Considering

that complex mesoscale weather systems occurred durirR 2ationalclimate Report2022
National Overvief), the LADCO 22 12-km WRF wind direction estimates are considered
reasonable when compared to the complex terrain model performance benchmark of 55 degrees
(KembaHlCook et al.2005).

Overall, the LADCO 2DWRF simulationf surface meteorological variablésin good

agreement with observations. The WRF performance statistics fat2Hen grid resolution
simulation are within the acceptable performance benchmarks proposed by Emery et al. (2001)
and KemballCook et al. (2005) for air quality model applicatidnssummary, the ADCO 2P

12-km WRFsimulated temperaturesery wellacross the domain, anslightlyoverestimated

specific humidity especially in the West arf@gbuth Centralin summer The modetends to
underestimate windspeedacrossall seasois, which led tolargererrors inwind direction in the

West,South Central and Southeastastal statesn all seasons except for spring

6 Annual 2022 National aliate Report National Overview
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Table5. 2022 seasonal average m WRF model performance for entire 12US2 domain

Temp2m MixingRatio2m WS10m WD10m
Season (K) (9/kg) (m/s) (degrees)
MAE MB MAE MB MAE MB MAE MB
Winter (DJF) 1.2 0.0 0.5 0.2 1.1 -0.2 39. 2 2.8
Spring (MAM) 1.2| -0.1 0.8 0.3 1.2 -0.4| 36.5 3.7
Summer (JJA) 1.2 -0.1 1.5 0.3 1.1 -0.5 42. 8 2.4
Fall (SON) 1.2 0.0 0.9 0.3 1.1 -0.3| 42.4 1.7

"Green shading indicates a metric that meets the performance benchmarks for simple conditions, orange
for complex conditions, and red foutside of the performance benchmarks

3.3.2 WRF 1Zm Performance Summary for the LADCO region

Table6 summarizes the seasonal LADCQ21P-km WRF model performance for the part of the

domain covering only the LADCO staiBse LADCO #n WRF run for the LADCO regias

averageMAEs of 11 K for temperature, about 0.7 g/kg for specific humidify, about/% for

wind speed an@8 degreesfor wind speed.On averagethe 12km model runpredicteda

slightlycoolerandwetter winter, and slighly wetter summerin the LADCO regiaelative to the

observationsalthoughperformance statistics arall well belowthe model performance

benchmarks.

Table6. 2022 seasonal average 1Bm WRF model performance for the LADCO states

Temp2m MixingRatio2m WS10m WD10m
Season* (K) (9/kg) (m/s) ClYEEs),
MAE MB MAE MB MAE MB MAE MB
Winter (DJF) 1.0 -0.2 0.2 0.1 1.0 0.0 22.8 3.3
Spring (MAM) 1.1] -0.2 0.6 0.3 1.1 -0.2| 26.4 1.0
Summer (JJA) 1.1 0.0 1.2 0.4 1.0 -0.2 34.8 1.2
Fall (SON) 1.1 -0.1 0.6 0.3 0.0 0.2 26. 2 2.4

"Green shading indicates a metric that meets the performance benchmarks for simple conditions, orange
for complex conditions, and red for outsidetbe performance benchmarks

3.3.3 Model Performance for the «m LADCO Domain

Table7 summarizes thelomainwide model performance of the ADCO 22 4-km WRF
simulationfor the key surface meteorological varialilg seasonThe spatial plot of thesnmer

(JuneAugust) model performance for temperature, specific humidity, wind speed, and wind
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directionare shown inFigure8 through Figurell along with aggregated statistics by stalde
winter and summer model performance atkén resolution for the LADCO states are summarized

in Table8 and 9, respectively.

In general, thestate-specific performancéor the LADCO 222 4-km WRF simulatiofor summer
seasorsurface temperaturgspecific humidityand wind speeavas better(MAE = 11-1.2 K;
MAE=0.31.2 g/kg MAE = 1.41.1 m/9 than the performance statisticthat were averaged
across the entire modeling domaifihe model haslightpositivebiasesin both temperature and
specific humidityi.e.,model estimated slightly warmer andetter air than observed with MB=
0.2+0.4 Kand 05£0.5 g/kg respectivelyacross thd ADCO states in the summ&ihe LADCO
2022 4-km WRF simulatiohas similar performance statistics as those fokih2 simulation
(Tableb).

Table7. 2022 seasonal averagekin WRF model performance for entire LADCO4 domain

Temp2m MixingRatio2m WS10m WD10m
Season (K) (9/kg) (m/s) (degrees)
MAE MB MAE MB MAE MB MAE MB
Winter (DJF) 1.1 0.0 0.3 0.2 1.1 -0.1 27.9 3.6
Spring (MAM) 1.1 0.0 0.7 0.3 1.1 -0.2 28.8 15
Summer (JJA) 1.1 0.2 1.2 0.4 1.0 -0.1 37.7 1.2
Fall (SON) 1.2 0.0 0.7 0.3 1.0 0.1 30.9 1.5

"Green shading indicates a metric that meets the performance benchmarks for simple conditions, orange
for complex conditions, and red for outside of the performance benchmarks
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JJA temp2m for 4 km domain, LADCO_WRF45_2022
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JJA mixr2m for 4 km domain, LADCO_WRF45_2022
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JJA wndspd10m for 4 km domain, LADCO_WRF45_2022
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JJA wnddiriOm for 4 km domain, LADCO_WRF45_2022
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3.3.4 WRF 4km Performance Summary for the LADCO states

Table8 and Table $ummarize the summeand wintermodelperformances aggregated by all

monitorslocatedin each of the LADCO statédl summerand wintermetrics, except wind

direction error,are well belowthe simple terrain model performance benchmarks, while the

summerwind direction error falls within the complex terrain benchmadi average, the

temperatureand wind speectrrors areabout 1Kor 1m/sfor both the winter and summer

seasonthe speific humidityand wind directiorerrors are much smaller ithhe winter than those
in the summer

Table8. 222 summer season (JJA)kdn WRF model performance for the LADCO states

Temp2m MixingRatio2m WS10m WD10m
State’ (K) (g/kg) (m/s) (degrees)
MAE MB MAE MB MAE MB MAE MB
IL 1.0 0.3 1.2 0.2 0.9 -0. 2 35. 8 0.0
IN 1.1 0.3 1.2 0.6 0.9 -0.1 37.1 1.6
Ml 1.2 0.2 1.0 0.5 1.0 0.1 35.6 4.7
MN 1.1 0.2 1.1 0.7 1.1 0.1 31.9 -0.8
OH 1.1 0.1 1.2 0.6 0.9 -0.2 41.0 7.1
WI 1.1 0.3 1.1 0.6 1.0 0.1 33.3 - 0.

"Green shading indicates a metric that meets the performance benchmarkgrpte conditions, orange
for complex conditions, and red for outside of the performance benchmarks

Table9. 2022 winter season (DJFkin WRF model performance for the LADCO states

Temp2m MixingRatio2m WS10m WD10m
Stat€ (K) (9/kg) (m/s) (degrees)
MAE MB MAE MB MAE MB MAE MB

IL 0.9 0.0 0.3 0.1 1.1 -0.3 24.5 3.6
IN 0.9 0.0 0.3 0.2 1.0 0.0 21. 4 3.9
MI 1.0 0.0 0.2 0.1 1.1 0.2 26. 7 4. 4
MN 1.2 0.0 0.2 0.1 1.1 0.0 22.5 4.6
OH 1.0 -0. 2 0.4 0.3 1.0 -0.2 25.3 6.6
Wi 1.2 0.2 0.2 0.1 1.1 0.3 22.5 6.0

"Green shading indicates a metric that meets the performance benchmarks for simple conditions, orange

for complex conditions, and red for outside of the performance benchmarks
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'3.3.5 Model Performance for the 1.33 km domains

LADCO used WRF to simulate meteorology evdeB83km domain coverind.ake Michigamand
surrounding areafor April through September 2. Figurel2 shows summertime MAE and MB
for surface temperature, water vapor, wind speed and wind directiable10 shows that
overall, the LADCO 201.33 km WRF simulations are exceptioffak model performance
statistics averaged over all stations with the-ki@ domain arewell within the model

performance benchmark

The ®asonal average statistiese based on 9@L00 surface meteorological stations depending
on variable and domai The 2m temperature MAE was 1.3+016, the 2m specific humidity
MAE was 1.0+0.8 g/kg, the -t wind speed MAE was 1.2+0.7 m/s, and theni@ind direction
was 34.8+8.3.The nodel estimates are mostly unbiased at stations, except for slight

overestimation at few stations in both domains.

a) b)

JJA temp2m for 1.2 km domain, LADCO_WRF45_2022 JJA mixr2m for 1.3 km domain, LADCO_WRF45_2022

Longitude, “W
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JJA wndspd10m for 1.3 km domain, LADCO_WRF45_2022 JJA wnddiri0m for 1.3 km domaln, LADCO_WRF45_2022
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Figurel2 Mean absolute errors and biases for air temperature (a), specific humidity (b), wind
speed (c) and wind direction (d) ithe 1.33km domains, summer (JJA)Z0

Table10. 2022 seasonal averagenodel performance statistics for the 1.3Bm Lake Michigan

domain
Temp2m MixingRatio2m WS10m WD10m (degrees
Season (K) (g/kg) (m/s)
MAE MB MAE MB MAE MB MAE MB
Spring (AM) 1. 4 0.2 0.7 0.3 1.2 0.0 28.5 2.9
Summer (JJA 1.4 0.7 1.1 0.3 1.1 0.2 38.6 2.7
Fall (SO) 1.3 0.5 0.8 0.1 1.0 0.3 37.6 1.9

"Green shading indicates a metric that meets the performance benchmarks for simple conditions, orange
for complex conditions, and red for outside of the performance benchmarks

3.3.6 LADCO 222 WRFSpatialScalePerformance Summary

We calculatedthe LADCO WRF 2Bsummerseasormodel performanceat a common set of
surface stationgcrossgrid resolutiongo see how model performance varies by the grid
resolution. There are about0BMETAR stations located in the 1.33 km domaablell
tabulates summer season (JYXRFperformance at 1&m, 4km, and 1.2&km grid resolutios.
Model erors fortemperature, humidity, and wind director decreased by about 10%e 4km
simulation relative to the 1-km simulation. The model errors increased for all variables in the

1.3-km simulation relative to the-4m simulationAlthough the 1.Zkm simulation did not
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produce a significardummer seasoperformance improvement, the model resolveall locat
scale convective processes and had a better performance (specifically, lesser wind direction

errors) during thdake-breezeafternoon hours, which are discussedSactions.

Tablell 2022 summer season (JJA) WRF model performance for common locations in the
three LADCO WRF modeling domains

Temp2m MixingRatio2m WS10m WD10m
Domain (K) (g/kg) (m/s) (degrees)
MAE MB MAE MB MAE MB MAE MB
CONUS 12 1.2 0.0 1.1 0.3 0.9 -0.2 33.6 1.4
LADCO 4 1.1 0.2 1.0 0.5 0.9 0.0 33. 4 1.7
LADCO 1.33 1.4 0.7 1.1 0.3 1.1 0.2 38. 6 2.7

4 WRF Performance Evaluation faakebreezeEvents

Hevatedconcentrations ofurface ozone in the Great Lakes Basin are observed near the
shorelines of the lakes. The dynamical features at the-laater interface are welknown to be
conducive to groundevel ozone formationThelake-breezeis a key meteorological
phenomenon associated with high ozone conditions in the redibis sectiorassessethe
LADCO WRF 2022 simulatgkill duringrepresentativelake-breezeeventsin 2022that had led

to the observed high ozone concentrations.

LADCO used qualitative and quantitative methods to evaluate how well the WRF model simulates
lake-breezeevents that occur on the shorelines of Lake Michigan. The qualitative evaluation
includes comparisons of satellite imagery and observed wind fields with modeled PBL height and
wind vectors. Statistical model performance at eleven METAR stations locaetheeshoreline

are used for quantitative evaluation ftake-breezeevents. The station locations are shown in

Figurel3.
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Figurel3. METAR stations on the shoreline of Lake Michigan. The stations are elevated less
than 200 m a.s.| and located south of the M latitude

We used timeseries and CART (Classification and Regressior anedyses to identify the
conditions at the surface meteorological stations that are associated witidegified lake-
breezedays The statistical software R version 4.2.3 and the R package’npagusedfor

regressing théake-breezedaysexplained by the hourly meteorological conditioWe pruned

the CART analysis trees using-sipecific complexity parameters to increase the overall accuracy
of the model and to minimize cros&lidation errors. We then calculatethd comparedVRF
performance statistics, such as mean absolute error and mean bias, using observed and WRF
modeled valuegor the lake-breezeand nonlake-breezedayspredicted by CARModelfor

selected shoreline monitors.

4.1 Identifying LakebreezeDays

LADC@nalyzeddailycloud covelimagery radarreflectancedata, modeled windfields from the
Visible Infrared Imaging Radiometer Suite (VIIRS) Corrected Refledtamibational Doppler
Radarand GFS reanalysis datar the period ofApril 1to September30, 2022,to identify lake-

L. Breiman, J.H. Friedman, R.A. Olshen, and C.J Stone. Classification and Regression Trees. Wadsworth, Belmont,
CA, 1983

8 https://cran.r-project.org/web/packages/rpart/vignettes/longintro.pdf
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Ibreezedays along the Lake Michigahore Cloud covermagery from the VIIRS instrument,

which is on the joint NASA/NOAA Suomi National Polar orbiting Partnership (Suon QiAR)

20 polar orbitingsatellite, is available through NASA Worldview and the Global Imagery Browse
Services (GIBS, https://worldview.earthdata.nasa.gov/). Hdigfimition reflectivity composite

dataprepared bythe Environmentabnd Climate Changéd-km RadaCanada Section)@veals

visiblefeaturessuch adake-breezefronts or outflow boundaries and associated precipitation

features near thdand-water interface fittps://weather.us/radarus). Tablel5in Appendix A.2

shows the screening results identified breeze days aroundakeMichigan insummer2022.

Both the VIIRS surface reflectance and radar imagery show fair weath¢ooud level cumulus
cloud fronts that penetrate inland duringlake-breezeevent. These fronts are associated with
rising, warm air masses over land that get replaced by relatively cold air masses originating over
the lake during the summer season. Take-breezecan be observed by local changes in ke

land winds wind convergence over landnd wind divergence over the lak&€he changes in

winds can be indicated by numerical weather modeling results from the GFS/NCEP/ US National

Weather Service (https://earth.nullschool.net).

Both the VIIRS and radar imagery indicated surface wind convergence zones dakebraeze

occurredfor 34 day$ in summer of 202 along the shore of Lake Michigan.

As an example, the VIIRS surface reflectance, radar imagery and GFS modeled surface wind field
in afternoonof June 29 anduly #, 2022,are shown irFigurel4 andFigurel5. The satellite and
radar imagey show alake-breezefront around Lake Michigan and surface wind divergence over

the lake, which are typical features lakebreezeevents.

9 |dentified prior lakebreeze days around Lake Michigan shav8; 5/4,5/23, 6/14, 6/23, 6/27,
6/29, 7/3, 7/5, 716, 717, 7/13, 7/14, 7/25, 7/26, 7/30, 7/31, 8/5, 8/9, 8/11, 8/16, 8/17, 8/18, 8/21, 8/22,
8/23, 8/24, 8/26, 9/3, 9/6, 9/7, 9/8, 9/10, 9/14
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June 29, 2022:00-4:00 CST July 14, 20222:00-4:00 CST
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Figureld. Lakebreeze frontviewed by VIIRS satellite true color imagenyg) and radar
reflective imagery bottom) for June 29 left) and July 14r{ght), 2022
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June 29, 20222:00-4:00 CST

July 14, 20222:00-4:00 CST
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Figurel5. GFS model windield in the Great Lakes for June 2@ft) and July 14r{ght), 2022

To verify that the LADCO 2DWRF modeling reproduced the features of thke-breeze we
looked at simulated images of the predicted surfaceifiOwinds, surface (gn) temperatures,

and planetary boundary layer (PBL) heights during the morning and afternoon hours on these
days. In addition, we used classification and regression treg/sisdlCART) to help us identify
the meteorological conditions associated witlentified lake-breezedays Descriptions of the

lake-breezeanalysis and results follow.

4.2 Satellite Imagery Analysis

Figurel6through Figurel8 depictlake-breezefronts that formed around Lake Michigan dane

29, July03, andJuly 14 22, respectively. Thiake-breezefronts are seen in the satellite true

color imagery, and in the WR#&odeled planetary boundary layer (PBL) height and wind fields.
WRF simulated light moderatenorth or north-easterly winds in the morning hours (before

09:00 OT) over Lake Michigan on these days. The simulated winds shifted in the afternoon with
divergence over the lak&VRF simulated a lake-land breeze with onshore convergence

startingin the early afternoorthat dissipated aroun@1:00 CDT on each day
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'One notable feature of the WRF simulations is the weakening of the lake hirgemsity as the
simulation grid resolution increased. In all three of the lake breeze events shown heiglahe
convergence zones resolved closer to the lake shotbe finer grid resolutionsVe speculate
that the lack of FDDA in the 1.3 km dompanalized the model skill in resolving the extent of

the lake breeze on these days.

PBL Height and Wind Vector vary by Grid Resolution
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Figurel6. June 2922 (14:00 CST) satellite imagery and modeled PBL height and wind
vectors

PBL Height and Wind Vector vary by Grid Resolution
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Figurel7. July03, 222 (14:00 CST) satellite imagery and modeled PBL height and wind vectors
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Figurel8. July 14 222 (14:00 CST) satellite imagery and modeled PBL height and wind vectors

For the three lake breeze case studies presented hatieF successfully reproduced the surface
flow convergence zone inland from the lakeshore, seen as the higher inland PBL heights in the
figures above. The finer grid (4 km and 1.3 km) WRF resolutions also successfully issoked

of the small to midscale convective processes, i.e., the small clusters of lower PBL heights
indicate the formation of falveather cumulus clouds over the land. These clouds are a common
feature oflake-breezefronts, as seen in the true color satellite imagery. Quantitative WRF model

performance at simulating thiake-breezeis discussed in the following sections.

4.3 CART Analysis fdrakebreezeEvents

4.3.1 Meteorological conditions ofake-breezes in Lake Michigan shoreline
Figurel9lists the meteorological conditions that CART associated lakitsbreezedays along

GKS 6Said IyR Sl al ack:z2akBreszfs hake2Michijah shddésa A OK A 3 |
definite variableto indicate airflow from lake to land, CART identifies wind direction as the first
branching variablén its classificationThe graduated red and blue colored tree nodes (or

clusters) at the bottom of thelassification treadentify the meteorological conditions associated

with lake-breezeevents (and noake-breezeevents such as larbreezes).
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