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1 Executive Summary

The Lake Michigan Air Directors ConsortiADCPprepared this technical report on a 2016
Weather Research Forecast (WRF) model simulation to supportt2isegi regulatory planning
modeling for Q, PM 5, regional haze and visibility assessments. This report details the WRF
modeling inputs and cdiguration, modeling procedures, model evaluation methodology, and
model performance analysis resultsADCO used the WRF version 3.9.1.1 model (Advanced
Research WRF dynamic core WWAHREW) to simulate meteorology on-k2n, 4km, and 1.3%m
domains focusedn the Great Lakes Basin for the year 2016. The physics options for the LADCO
WRF simulation were based on the best performing configuration identified through a
collaboration with University of Wisconsin researchers through a NASA Health and Air Quality

(HAQ) program grarunded project.

LADCO conducted qualitative and quantitative analysis to assess operational performance of the
2016 WRF modelingarticular focus of this analysis is on the LADCO region. Foskitne 4

domains, the WRperformance 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 anfibr high-concentrationozone episodi

events. We also performed a detailed analysis ofrtiealel duringlake breezeeventsat the

shoreline monitorof Lake Michigan and Lake Erie

LADCO found that the In and 4km WRF simulations adequately captured the observed

meso and synoptiescale pocesses during higboncentration ozone periods. The LADCO WRF
2016 output fields represent a reasonable approximation of the actual meteorology that
occurred in 2016While the WRF performance statistics for thekir grid resolution simulation

are within the acceptable performance benchmarks, the simulation has a cold and dry bias in the
summer across much of the Eastern U.S. For tkm4NVRF simulatioall of the summer season
metrics, with the exception of wind direction error, fall within the simpderain model

performance benchmarks; the wind direction error falls within the complex terrain benchmark.

The 1.33 km WRF simulations had very good model performance with low errors for all variables
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Iand biases near zero. Both errors and biases for tentpegaand specific humidity at the 32m
grid resolution are reduced by about 20% at thkem resolution. Model performance remains
about the same for the wind speed and direction when going froAkrh2o 4km resolution.
There was not an appreciative ingrlement in model performance for the analyzed variables

between the 4km and 1.33m resolution simulations.

Analysis of WRF performance at shoreline monitors during lake breeze events showed that the
model successfully reproduced the surface conditidkADCO developed a CART statistical model
using data from selected surface stations on the shorelines of Lake Michigan and Lake Erie for
predicting lakebreeze days. The CART lake breeze model prediction accuracies were 92% for
Lake Michigan and 82% for Lakee, on average. LADCO used the CART model to determine the
typical meteorological conditions and indicators for ldkeeze dayslongthe shores of Lake
Michigan and Lake Erie. The model identified wind direction andt@mperature as the top two
variables for explaining lake breeze vs. Hake breeze events in the Lake Michigan shore, while
2-m temperature, wind speed, and specific humidity were the variables most associated with the
lake breeze along the south shore of Lake Erie. WRF performegregitting temperature,

moisture, and winds at the shoreline monitors of both lakes during lake breeze events. The WRF
model errors and biases are within the WRF performance benchmarks for temperature, specific
humidity and wind speed, and less than® gee errors for wind direction. The model

performance is slightly degraded on the lakeeeze days compared to the néamke breeze days

on shoreline of Lake Michigan, while opposite is true on the south shore of Lake Erie. The errors
and biases for lake beze days were slightly improved at finer grids in Lake Michigan and Lake

Erie shore.
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1 Introduction

The Lake Michigan Air Directors Consortium (LADCO) used the Weather Research and
Forecasting (WRF) model (Advanced Research WRF dynamic coARMREkamarock et al,
2008) to simulate meteorology in the Great Lakes Basin for the year 2016. WRF is a next
generation 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 intesatiidnulence,

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 larggrale atmospheric andceanic models.

This report describes an application and performance evaluation of WRF version 4.9.1.1 to
simulate 2016 meteorology on #n, 4km, and 1.3%m domains focused on the Great Lakes
Basin.This report describes the meteorology model configimatind input data(Section 2used
for 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 ModelConfiguration

This section describes tlsoftwareconfiguration for theLADCQ016WRFsimulation, including

the version of the model, horizontal and vertical domain structures, input data sources, physical
parameterization options and application methodgly. LADCO designed the 2016 WRF

simulation to estimate regional to continental scale meteorology to support emissions and air
guality modeling applications for the Great Lakes region. The physics options for the LADCO WRF
simulation were based on the begérforming WRF configuration identified through a

collaboration with University of Wisconsin researchers through a NASA Health and Air Quality
(HAQ) program grarfunded project (A Satellite Constrained Meteorological Modeling Platform

for LADCO StatesPSDevelopment).

2.1 WRF Model Version
LADCO used the publicly available version of WRF version 3.9.1.1. The WPS preprocessor
programs used to develop model inputs included GEOGRID, UNGRIB, and METGRID.

2.2 Horizontal Modeling Domain
LADCO simulated meteorologytivwWRF for four onavay nested domains that are based on the

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

USEPA 12US2 (d01)2km continental U.S. domain

LADCO4 (d02¥-km Great Lakes regional domain that contaall of the LADCO
states, and parts of the adjacent states and Canada

LADCO1.33west (d03).33km domain that focuses on coastal sites around Lake
Michigan
6 LADCO1.33east (d04).33km domain that includes the region from Detroit,
Michigan south to the @io River Valley
Figurelillustrates the WRF modeling domain extents and coverageTaitel shows the map

O«

O«

O«

projection and pareeters for the WRF modeling domains. The LCC projection has a grid center
at 4N, -97°W with true latitudes of 33and 45. The outer 1Zkm domain (d01) has 472

columns and 312 rows, selected to be consistent with the existing U.S. EPA 12US2 modeling
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Idoma'nl. The 4km domain (d02) has 445 columns and 421 rows with an offset from the dO1 grid
origin of 206 columns and 110 rows. The Lake Michiganki88omain (d03) has 301 columns
and 493 rows with an offset from theldn grid origin of 186 columns and 144vs The
Michigan/Ohio 1.3%m domain (d04) has 328 columns and 493 rows with an offsets from-the 4

km grid origin of 290 columns and 84 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 12/4/1.3@n domains

Tablel. Projection and grid parameters for the LADCO 2016 WRF modeling domains

Parameter Value
Projection LambertConformal
1st True Latitude 33 degrees N
2nd True Latitude 45 degrees N
Central Longitude -97 degrees W
CentralLatitude 40 degrees N
do1 X,Y origin offset -2412 km~1620 km
d02 X,Y origin offset -132 km,-420 km

L https:/iwww.epa.gov/sites/default/files/202610/documents/met_model_performancg016_wrf.pdf

9
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d03 km X,Y origin offset

576 km, 84 km

d04 km X,Y origin offset

1008 km, 108 km

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 Rth a totalof 36 vertical layer interface3.able2

tabulates the LADCO WRF vertical model layer structure.

Table2. LADCO WREF vertical layer structure

WRF Height Pressure Thickness
Layer (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

10
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(1 | 0] 100,000 | 1.000 | 0]

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
landuse and land cover data were based on the 2011 National Land Cover RatBi@dNLCD is

a 40category, 3@meter resolution dataset of landover 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 boundargnditions (IC/BC) and input fields for the feur
dimensional data assimilation (FDDA). FDDA refers to the nudging of the WRF simulation toward
observed analyses to control model drift so that the WRF meteorological fields better represent

actual historicatonditions.

The LADCO WRF simulation used-@&&ree resolution GFS (Grid 4) datasets available from the
National Climatic Data Center (NCDC) National Operational Model Archive and Distribution
System (NOMADS) servéor IC/BC and FDDA.

2.6 Diffusion Optons
Horizontal Smagorinsky firsirder closure with sixtforder numerical diffusion and suppressed

up-gradient diffusion.

2.7 Lateral Boundary Conditions
Lateral boundary conditions were specified from the GFS initialization dataset on the 12 km
CONUS domainitkh continuous updates nested from the 12 km domain to the 4 km domain and

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

2 https://nomads.ncep.noaa.gov/
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2.8 Top and Bottom Boundary Conditions
The top boundary condition was selected as an implicit Rayleigh dampfenitige vertical
velocity. Consistent with the model application for niolealized cases, the bottom boundary

condition was selected as physical, not fdip.

2.9 Sea Surfac&@emperature Inputs

The 1 km sea surface temperature (SST) from the Group for dggiuon Sea Surface
Temperatures (GHRSSU3ed for the 1Zkm domain simulation. The daily SST fields were

ingested from the GHRSST datasets into the WRF model surface boundary files by utilizing the
WRF Preprocessing Systdbaily Great Lake surfacenperaturesfieldswith a horizontal

resolution of ~1.3 km, were obtained from the Great Lakes Surface Environmental Analysis
(GLSEA produced at the NOAA Great Lakes Environmental Research Laboratory (Schwab 1992).

We used to constrain S8Ver the Great Lakda the 4km and 1.3%m domain simulations.

2.10FDDA Data Assimilation

LADCO constrained the WRF model solution using a combination of analysis and surface
observation nudging, i.e., FDDA. We ran the WRF modelaxsombination of GFS analysis and
observational data for all domains. For the GFS grid nudging we used analysis nudging
coefficients of 0.3x10s* for horizontal winds and temperature, and a coefficient of 1.0%&0

for water vapor mixing ratio. Wenly applied the analysis nudging above the planetary boundary
layeP. We used LDAD Mesonet, METAR, RAOB, and profiler data for observational nudging at the
surface in all domains. We applied a nudging coefficient of 0:8x1@or horizontal winds and
temperature and a nudging coefficient of 1.051€" for water vapor mixing ratio for the surface

observational nudging.

3 Stammer, D., F.J. Wentz, and C.L. Gentemann (2003). Validation of Microwave Sea Surface Temperature
Measurements for Climate Purposes. J. Climate, 18 77/3\vailable at:
https://data.nodc.noaa.gov/ghrsst/L4/GLOB/JPL/MUR/

4 https://coastwatch.glerl.noaa.gov/glsea/

5Otte, T.L.(2008). The impact of nudging in the meteorological 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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2.11Soil Temperature and Moisture Data

Previous studies (Case et al. 2008; Case et al. 2011) concludestingtes from theNASA
Landinformation System (LIS) led to an improvement in the timing and evolution of-Breeae
circulation due to corrected surface sensible heating from the LIS soil temperature and moisture
integrationin WRF modeling. In addition, the LIS data integratimdpced a more accurate

diurnal range in an temperatures. The LIS soil information reduced nighttime warm bias and
minimized daytime cold bias. A primary conclusion fromgbstudies is that the LIS soil

initialization data (particularly the soil moistfields) modulated surface heating rates and
subsequent sensible weather elements such as taleeabreeze development and mesoscale

convective processes in finer grid WRF modeling.

LADCO incorporatesbil temperature and humiditgstimatesfrom the NASA Shoiterm
Prediction Research and Transition (SPoRT) Cdritinto the 4km WRF simulaticFhevalue
added bythe LISdata on the 4km modelingpropagated into the 1.3&m gridsdutions through
the WREF initialization and boundary fieldheNASASPoRTeam prepared LIS soil information at
0.03deg resolution (~3 kngver thecontinental U.Sfor use in the LADC®km WRFAMidwest
domain.To incorporateéSpoRLIS soil temperature and moistufieldsinto WRELADCO
followed an established procedure provided by NASA SPoRT invibleP Sools UNGRIB and
METGRIIor domairs d03 and d04The WRF model onfgads theinitial soil information (from
wrfinput_dO* files)at the first timestep, and then calculates soil variables interndls, to
ensure theLlS soil information was used on a daily basis in SiRHation, we used two scrifs:
one to run real.exe to generate diinitial conditions (wrfinput_d0* files) that contains LIS soll
information at 00Z as suggested by Case et al. (2@htlone tooverwritethe TSLB and SMOIS
variables inthe WRHRaily restartfiles (wrfrst_d0*) with those from the daily wrfinput fileat the

first soil layer of the model

2.12WRF Physics
The NASA HAQ WREF sensitivity modeling experiments by the University of Wisconsin found that
at finer grid resolutions in the LADCO regWRF configued with the YSU PBL (Hong et al. 2006),

6 https://weather.msfc.nasa.gov/sport/case_studies/lis CONUS.html
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INoah LSM (Chesnd Dudhia, 2001; Ek et al. 2003), and Thompson microphysics (Thompson et al.
2008, 2016) schemex dz{i LIS NJF 2 N &  coftiBental . BcOniiguriationivétia tie

Morrison micrghysics (Morrison et al. 2005ACM2 PBL (Pleim 2007) parameterization st
andthe KainFritsch cumulus scheme (Kain 2Q0/)e choice ofttis particular set of schemés

rooted fromprevious studies showing that they performed well during the warm season across
the United States (e.g., Harkey and Holloway 2013; Cintineo et al. 2014; Griffin et al. 2021). The
YSU PBL scheme is a foster, nonlocal closure scheme that allows nonlaoaling with explicit
entrainment processes at the top of the PBL (Hong et al. 2006; Hong 2010). The Noah LSM is a
community model that has been widely used within the weather and climate modeling
communities (Campbell et al. 2019). It contains four sgitts (610, 1040, 43100, and 10200

cm depth) along with vegetation canopy, soil drainage, and ruegtffates, which help imprav
WRF simulation accuracy through improved land surface processes sagtiratbgcal
processeandsurface heat fluxessthen moving towards higher model resolutions (e.g., Sutton et
al. 2006; Case et al. 2008)e optimized WRF model physics options for the Great Lakes and
central Midwest U.Qused in the LADCO 2016 WRF simulateseshownin Table3.

Table3. LADCQ@016 WRF Physics and Other Options

WRF Treatment Option Selected Notes
Microphysics Thompson Scheme mp_physics=8
Longwave Radiation RRTMG ra_lw_physics=4; Rapid Radiative

Transfer Model (RRTM) for GCMs
includes random cloud overlap and
improved efficiency over RRTM.

Shortwave Radiation RRTMG rw_ww_physics=4; Same as above,
but for shortwave radiation.
Land Surface Model (LSM)| Unified Noah langurface sf_surface_physics=2
model

MM5 Monin-Obukhov scheme sf_sfclay_physics=1
surface layer
Planetary Boundary Layer | YSU bl_pbl_physics=1
(PBL) scheme

Cumulus parameterization | KairFritsch in the 1Zxm and | cu_physics=1 and trigger_option=2;
4-km domains wittmoisture: | 1.33-km can explicitly simulate
advection based trigger. Nong cumulus convection so

in the 1.33km domain parameterization not needed.
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WRF Treatment Option Selected Notes
Analysis Nudging Aloft nudging applied to windg Only nudging above the planetary
temperature andmoisture in | boundary layer
all domains

Observational Nudging Surface nudging applied to
winds, temperature and
moisture in all domains
Initialization(initial and GFS Grid 4 (0.25 degree)
boundary conditions)

2.13Model SimulationDetails

LADCO simulatesieteorology withWRFv3.9.11 for the four nested domainverthe U.Son

the Amazon Web Services (AVEERstic Compute Clougsing 96CPUZ8 nodes and 2 CPUgper
node) for 15.5ayperiods Eachl5.5daysimulationblockwasinitialized with the 0.25 degree

GFS (Grid 4) dataset at 12Z with a 60 second integration time step. We output the WRF model
results every 60 minutes and output files were split at 12 hour intervals. LADCO excludiest the
twelve haurs of spinup from each 15.5&lay block before evaluating the WRF resaltsl using

the data for air quality modeling. LADCO simulated WRF from December 15, 2015 through
January 1, 2017 for the In CONUS domain (d01), and from March 15, 2016 throughb@cto

1, 2016 and for the nested domains (d02 through d04).
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'3 WRF Model Performance Evaluation

LADCO conducted qualitative and quantitative analysis to assess operational performance of the
2016 WRF modeling. For the-kéh domain modeling, which covers tkeatire continental U.S.

and parts of Canada and Mexico, we used state groups by-Bulgdictional Organization (MJO)

to evaluate model performance. MJOs are regional air quality planning organizations that
provide a forum for neighboring states tollaborate on regionalair pollution mitigation

strategies Figure2). Particular focus of this analysis is on the LADCO region. Fokthe 4

domains, the WRF performance is evaluated by state; and for the 1.33 domain the performance

is evaluated for the entire domain.

Approx. RPO Boundaries

I:l CenSARA
] Laoco

SESARM
Northeast
WRAP

Figure2. Multi-Jurisdictonal Organizations in the Continental U.S.
LADCO compared modeled surface pressure, precipitation, and wind vectors against observation
based weather maps for higizoneepisodic events. We also performed a detailed analysis of
the lake breeze at the shoiiee monitors. The lake breeze is a significant dynamical feature in
the region that drives some of the highest observed surface ozone concentrations. Correctly
simulating the dynamics, timing, and spatial extent of the lake breeze with WRF is important

because an accurate simulation of these events is required to simulate lake bldegea ozone
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in the downstream air quality model. This chapter details the model performance evaluation

(MPE) approach used by LADCO to understandkhiof the 2016 WRF siulation.

3.1 Model Performance Evaluation Approach

LADCO conducted qualitative and quantitative analysis to assess operational performance of the
2016 WRF modelinghe guantitative model performance evaluation of WRF using surface
meteorological measurements are performed usihg Atmospheric Model Evahiion Tool

(AMET]} version 1.4AMETcalculates 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 dibpesformance 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 1@ 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
quantitative model performance evaluation of WRF using surface meteorological measurements
are performedbasedon collocatedhourly observed and model valués grid celsin which

monitors arelocatedusingthe AMETtool, and summary plots and tables were created usiey

statistical software R version 4.1.3.

3.1.2 Benchmarks for Meteorological Model Performance

LAD® used a number of performance benchmarks to evaluate the performance of the WRF
HAMC aAYdzZ GA2y® 9YSNER SiG Ffd® ovnnmO RSNAROSR
for typical meteorologicatonditionsfor good performingneteorological simulatiosiused in
contemporaryair quality model applications. These performance benchmarks were based upon

the evaluation of about 30 MM5 and RAMS meteorological simulations of limited duration

(multi-day episodes) in support of air quality modeling study apptioa performed over several

7 http:/Awww.cmascenter.org
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Iyears. Théenchmarks were based @zone model applications for cities in the eastern and
Midwestern U.S. and Texas that were primarily simple (flat) terrain and simple (stationary high
pressure and stagnant) meteorologicahditions. More recently these benchmarks have been
used in annual meteorological modeling studies that include areas with complex terrain and
more complicated meteorological conditions; therefore, they must be viewed as being applied as
guidelines and nobright-line numbers. That is, the purpose of these benchmarks is not to give a
passing or failing grade to any one particular meteorological model application, but rather to put
the modelingresults into the proper context of other models and meteoroloydzta sets.
Recognizing that these 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 benchmarksefoiperature, namely a guideline

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 conditiam@\laska, Kembaook et al. (2005) proposed model
performance benchmarks for complex conditions. Based on these reviews, we have adopted
GaAAYLX S¢ YR a02YLX SE¢ Y2RSt LISNF2NXIyOS oSy
and winds (

Tabled).

Table4. Meteorological model performance benchmarks for simple and complex conditions

Parameter Simple Complex
Temperature Bias X BNndp X BHO
Temperature Error X HOn X o0 dp
Mixing Ratio Bias X pmMbdn NA
Mixing Ratio Error XK HOn 3 NA
Wind Speed Bias X pndp X pmdqg
Wind Speed RMSE X HOn X HDp
Wind Direction Bias X pmn R NA
Wind Direction Error X on RS/ X pp R
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The equations for bias, error, and root mean square error (RMSE) are given below.

| &
Mean Bias (Bias) = !

N
l |R. - O!.|
Mean Absolute Gross Error (Err@r)(V i=1
P

& :
Root Mean Square Error (RMS WZ(P -0,) }
P

The followingsections will present model performance resudtsd discussioffor each grid

resolution.

3.2 Synoptic Scale Model Performance

LADCO compared modeled surface pressure, precipitation and divergence winds with
observationbased weather maps for days in 2016 dgrimhich conditions in the Great Lakes
region were conducive to high concentrations of grodedel ozoneFigure3 through FigurelO
show the comparisonsf the weathermap and the model outputs for May 18, June 13, July 16
and August 3, 2016. The National Centers for Environmental Prediction (NCEP),
Hydrometeorological Prediction Center, National Weather Seftgiadace weather maps show
the surface pressure isobars aolid lines in 4 mbar intervals and is annotated with centers of
high- and lowpressure systems. Surface temperature isotherms are shown as dashed blue lines
in 10°C intervals. The maps show fromtsblue or redand precipitation areas in green. LADCO
created modelbased surface maps using the 12 km and 4km WRF outputs of the surface

pressure, precipitation and divergence winds to indicate fronts and pressure systeers

The comparisons of the NCEP and WRF surface maps show that WRF simulétesaxtdht
and location of the higipressureand lowpressure systems, cold fronts, trough lines, and

precipitation in the contiguous U.S:i§ure3 through Figure6). WRF captures the locations of

8 https://www.wpc.ncep.noaa.gov/dailywxmap/explaination.html
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Ithe highpressure systems in the Midwest reasonably well at both 12 km &d desolution,
but the modeltends to underestimateurfae pressure levels by 10 hPa in the earlier morning
(7:00 am EST). This performance deficit is partially explained by the difficulty in simulating the

unstable atmospheric conditions around sunrise.

WEDNESDAY MAY 18, 2016 Surface Pressure, Precipitation, and Divergent Wind
2016-05-18_12:00:00
LADCO_2016_WRFv39_YNT_GFS_LIS i 12x12 km

ek,

st >
R, L

120 ) i 10 a0 00
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Suriace Weather Map at 7:00 AM. ES.T. CONTOUR FROM 920 TO 1032 BY 9
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05 1 2 3 4 5 6 7 8 9 10

Figure3. Comparison of surface weather maps at 7:00 am EST with modeled outputs at 12:00
pm UTC for May 18, 2016

MONDAY JUNE 13, 2016 Surface Pressure, Precipitation, and Divergent Wind
2016-06-13_12:00:00

LADCO_2016_WRFv39_YNT_GFS_LIS 12x12 km
\ = s =N h

CONTOUR FROM 920 TO 1032 BY 9
Precipitation (mm/hr)

Surface Weather Map at 7:00 AM. ES.T.

05 1+ 2 3 4 5 6 7 8 9 10

Figure4. Comparison of surface weather maps at 7:00 am EST witideled outputs at 12:00
pm UTC for June 13, 2016
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SATURDAY JULY 16, 2016 Surface Pressure, Precipitation, and Divergent Wind
2016-07-19_12:00:00
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Figure5. Comparison of surface weather maps at 7:00 am EST with modeled outputs at 12:00
pm UTC for July 16, 2016

WEDNESDAY AUGUST 3, 2016 Surface Pressure, Precipitation, and Divergent Wind

2016-08-03_12:00:00
LADCO_2016_WRFV39_YNT_GFS_LIS
‘ . )P
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Surface Weather Map at 7:00 A M. ES.T.
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Figure6. Comparison of surface weather maps at 7:00 am EST with modeled outputs at 12:00
pm UTC for August 3, 2016

Figure7 through Figure10show that the 4km WRF simulation deepens the surface pressure

levels compared to the Rm simulation. However, little appreciable difference is observed in
surface pressure estimates between the two model resolutions despite initializingkhe WRF
simulation with daily soil moisture and temperature fields with the NASA SpoRT LIS data. We also

observed that WRF missed some of the precipitation featuréisar-km domain for these days.

21



LADCO 201%/RFv3.9.1 Model Simulation and Evaluation
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Figure7. Comparison of model surface fields at 12km and 4km grid resolutions in Midwest for

May 18, 2016
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Figure8. Comparison of model surface fields at 12km and 4km grid resolutions in Midwest for

June 13, 2016
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4x4km 2016-07-19 12Z

Precipitation (mmvhr)
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Figure9. Comparison of model surface fields at 12km and 4km gedolutions in Midwest for
July 19, 2016
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Figure10. Comparison of model surface fields at 12km and 4km grid resolutions in Midwest for
August 3, 2016

Overall, the 1Zkm and 4km WRF simulations adequately captured the observed resd
synopticscale processes during these periods. The LADCO WRF 2016 output fields represent a

reasonable approximation of the actual meteorology that occurred in 2016.
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3.3 Rgional ScaléModel Performance
The following sections present the LADCO WRF 2016 model performance at surface METAR
network monitors for temperature, winds, and specific humidity. Average statistics are provided

across the following dimensions for eaghthe WRF modeling domains:

O«

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

O«

LADCO 4m (d02): by month and monitors in each state
6 LADCO 1.3Bm (d03 and d04): by month and monitors in each model domain

The average mean absolute errors (MAE) and nieases (MB) of the key meteorology variables
are derived by averaging all hourly performance statistics for particular months or season across

all METAR meteorological stations within the evaluation domain.

3.3.1 CONUS12 WRF Model Performance
Table5 summarizes the WRF &2n domainwide model performance by seasddpatial plotdor

the WRF model performance at surface sites in the CONUS12 domaimiteRtemperature,
2-meter specific humidity, I@neter wind speed, and Xtheter wind direction for each season

are shown in Appendix Al.1. These performance plots depict the seasonal model MB (colors) and
MAE (circle size) at each monitor simulated by WARFure28 through Figure31 show that the
LADCQ E2-km WRF simulation has a general cold bias across the domain in all seasons with an
annual domairwide 2m temperature MB 0f0.5 +0.8 K. The seasonal MAEs for the \B/RF

meter temperature predictions across the MJO regions range f#thto 1.1 K. Overall,
temperature estimates are in a good agreement with observations, except for the west, where
severe cold biases{x0K) are seen in the mountainous areas.

Figure32 through Figure35 summarize the WRFReter specific humidity (i.e., water par

mixing ratio) performance. The LADCO 201&M2VRF simulation has a general dry bias, with
MAESs ranging from 0:5.7 g/kgdepending orregion and season. The magnitude and regional
variability of MAEs for specific humidity are lower in winter (0.5&08) compared to the

summer (1.7x0.7 k/kg). Specific humidity is generally unbiased in winter across the domain, but
is underestimated in summer and fall, with mean biase€d k/kg in the LADCO region aid0

g/kg in the South Central and the Souéis¢ The model fails to simulate the enhanced spring
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Iseason water vapor mixing ratio due to convective activity, and the influx of moist air masses in
the summer and fall that come into the domain from the Gulf Mexico and travel to the Eastern
U.S. In genal, WRF performance for water vapor mixing ratio was adequate and within the
commonly used benchmark, except for the South Central and the Southeast regions in the
summer.

Figure36 through Figure39 summarize the 1@neter wind speed performance of the

LADCO2016 3¥2m WRF simulation. Modeled surface wind speeds are in a good agreement with
observations throughout the domain and seasongi®eal average errors (1.1+0.4 m/s) and

biases {0.2+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 LADCO 20161 2VRF simulation of wind speed

is generally unbiased acrostMJO regions and seasons.

Figure40through Figure43 summarize the 18neter wind direction performance of the LADCO
2016 12km WRF simulation. The WRF wind direction predictions have higher MAEs in the west
and relatively lower MAEs in the east. The higher MAEgIB3fegrees) in the west that persist
throughout the year along ith the 22meter temperature MBs are partly explained by the model
not accurately resolving the orographic effects in the region. TRRM2VRF wind direction
predictions are the best for the LADCO region as compared to other MJO regions. The mean MAE
is alput 25degreesn cold seasons and about 8@greesn warm seasons for the LADCO region.
The LADCO 2016-kth WRF simulation underestimates wind direction up to 40 degrees in the
South Central and the Southeast coastal states in winter and fall seasms® Biases are

AYLI OGSR o6& (GKS [!'5/h 2wC Y2RStQa Ayl oAfAGe
developed in the Atlantic Ocean and passed through the region during these periods. Similar
magnitudes of positive bias are seen in the northwest aorth side of these regions where WRF
did not correctly predict the wind direction. Considering that a number of complex mesoscale
weather systems occurred during 2G1®lational Weather Service, 2016 Weather Review), the
LADCO 2016 3#n WRF wind direction estimates are considered reasonable when compared to

the complex terrain model performance benchmark of 55 degrees (KeiGbak et al.2005).

92016 Weather Yean-Review- Climate Hihlights
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'Overall, theLADCO 2016 WRF simulation for the surface meteorological variables are in a good
agreement with observations. The WRF performance statistics fat2Han grid resolution

simulation are within the acceptable performance benchmarks proposed by Emery(20@il)

and KemballCook et al. (2005) for air quality model applications. It is worth noting that the
LADCO 2016 WRF simulation has a cold and dry bias in the summer across much of the Eastern
U.S. The model has a dry bias and underestimates wind diraatitve South Central and

Southeast in fall and winter seasons.

Tableb. 2016 seasonal average #n 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) 1.4 -0.4 0.5 0.0 1.2 0.0 38.0 0.2
Spring (MAM) 1.3 -0.4 0.8 0.0 1.2 -0.2 41.0 1.7
Summer (JJA) 1.4 -0.5 1.7 -0.9 1.1 -0.3 42.4 2.2
Fall (SON) 1.4 -0.5 1.0 -0.5 1.1 -0.1 42.3 -0.4

*Green shading indicatesnaetric that meets the performance benchmarks for simple conditions, orange
for complex conditions, and red for outside of the performance benchmarks

3.3.2 WRF 1Zm Performance Summary for the LADCO region
Table6 summarizes the seasonal LADCO 201Bri2VRF model performance for the part of the

domain covering only the LADCO stafBisere igelatively similar WRF performance by season

in the LADCO regiarompared to the entire CONUS domaline LADCO ¥in WRFun for the

LADCO regiohas MAEs of 1.2 K for temperature, about 0.7 g/kg for specific humidify, about 1
YQ&a F2N) gAYR &LISSR | y6nawrageRS2MSGdeuh Nds & slighR & L.
cool and wet biasein summer and falalthough within he model performance benchmarks.

The WRF wind field predictions also have biases and errors that are within the performance

benchmarks.
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Table6. 2016 seasonal average #n WRF model performance for the LADCO states

Temp2m MixingRatio2m WS10m WD10m
Season (K) (9/kg) (m/s) (degrees)
MAE MB MAE MB MAE MB MAE MB
Winter (DJF) 1.2 -0.6 0.3 0.0 1.1 0.3 20.3 2.1
Spring (MAM) 1.2 -0.5 0.7 0.2 1.1 0.0 32.9 1.2
Summer (JJA) 1.3 -0.7 1.4 -0.7 1.0 -0.1 33.9 2.8
Fall (SON) 1.2 -0.5 0.7 -0.5 1.0 0.2 27.4 0.9

"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

3.3.3 Model Performance for the «m LADC@omain

LADCGimulatedWRF at a-4«m grid resolution centered on the Great Lakes Basin for-April
October, 2016. Summer (JuAaigust) model performances for temperature, specific humidity,
wind speed, and wind direction is shownkigurellthroughFigurel4. The 4km resolution
model performance for theADCO states is summarizedliable8. Appendix A shows the model

performance statistics for individual sites in each of the LADCO states.

In general, the LADCO 204&m WRF simulation estimated summertime surface temperatures
well (MAE = 1.2 +0.3 KtB=-0.0+0.7 Kwhen the performance statistics at stations were

averaged across the entire modeling domain. The WRF simulation has a slight warm bias (mean
bias = 0.8L.5 K) in urban areas, such as Chicago, Detroit, Cleveland, Columbus, and Cincinnati.
The model has a slight dry bias as seen in the domna@naged water vapor mixing ratios (MAEs

= 1.2 +0.3 g/kgMB=-0.2 £0.7 g/kg). The LADCO 20364 WRF simulation lsdarger negative
biases (dryer) in the southern part of thekih modeling domain relative to the rest of the

domain Figurel?).

Figurel3shows that the summertime modeled surface wind speasin good agreement with
observations throughout the domain and season. Stgiecific average errors (1.0£0.1 m/s) and
biases (0.1+0.4 m/s) are within model performance benchmarks (Emery et al. Faflne14
shows that the LADCO 201&eh WRF simulation predicts wind direction witlghtly higher
SNNEBENR GKIFy GKS HoThesOrmettiNgwind dirécBon ekors rargfeom 32-

40 degrees with lower errors in the northern part of the-km domain and higher errors in the
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'south. Wind direction errors for the #2m grid vs. «m grid domains are comparable.
Magnitude and variability of wind speed errors are lesser in summer (1.0+0.1 m/s) than those in
spring and fall (1.1+0.2 m/s), which indicates that the Great Lakes create a stagnant, high

pressure environment in summer.

Table7. 2016 seasonal averagekin WRF model performance for entire LADCO4 domain

Temp2m MixingRatio2m WS10m WD10m
Season (K) (g/kg) (m/s) (degrees)
MAE MB MAE MB MAE MB MAE MB
Spring (AM) 1.2 0L 0.8 0.3 1.1 0.2 35.4 2.1
Summer (JJA) 1.2 -0.2 1.3 -0.4 1.0 0.0 37.1 4.4
Fall (SO) 1.2 0.0 0.8 -0.3 1.1 0.3 35.1 -0.5

"Green shading indicates a metric that meets the performance benchmarks for simple conditions, orange
for complex conditions, and red for outside of therformance benchmarks
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JJA mixr2m for 4 km domain, WRF_LADCO_2016_WRFv39_YNT_GFS_LIS
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'3.3.4 WRF 4km Performance Summary for the LADCO states

Table8 summarizes the summer season model performance for monitor locations in each of the
LADCO states. All of the summer season metrics, with the exception of wind direction error, fall
within the simple terrain model performance benchmarks; the wind directioor falls within

the complex terrain benchmark. The average summer season WRF model temperature and
humidity (mixing ratio) performance is slightly improved when calculated for each individual
state as compared to the-dm domain average. The box andisker plots inFigurell and

Figurel2 confirm that the model performance dieiencies at the no ADCO and neBONUS
(Canadian) sites in thelkdn domain skew the domaiwide bias and errors for temperature and
humidity. Larger errors in the WRF predictions of wiliccction near the Ohio River valley in the
southern part of the 4«m domain contribute to the higher errors in IL, IN, and OH relative to the
4-km domain average.

Table8. 2016 summer season (JJAkdh 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 0.1 1.2 -0.5 1.0 0.1 35.3 3.6
IN 1.1 0.1 14 -0.1 0.9 0.1 35.4 3.8
Ml 1.2 0.0 1.0 0.0 1.0 0.1 34.4 5.5
MN 1.2 0.0 1.1 -0.1 1.1 0.2 33.4 4.0
OH 1.2 0.0 1.3 -0.3 0.9 -0.1 37.5 8.5
WI 1.2 -0.1 1.1 0.0 1.0 0.3 32.0 4.6

*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

3.3.5 Model Performance for the 1.33 krdomains

LADCO used WRF to simulate meteorology over twoKkn88omains covering a) Lake Michigan
and b) Detroit and the Ohio River Valley for April through September Zig6rel5 shows
summertime MAE and MB for surface temperature, water vapor, wind speed and wind direction.
Table9 shows that overall, the LADCO 2016 1.33 km WRF simulations are exceptional with the
domainaveraged model performance statistics all well below the model performance

benchmarks.
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IThe gasonal average statistiese based on 9aL00 surface meteorologicataions 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 -b@ wind speed MAE was 1.2+0.7 m/s, and theni@ind direction
was 34.8+8.3.The nodel estimates are mostly unbiasedsdations, except for slight

overestimation at few stations in both domains.

a) b)

JJA temp2m for d03 and d04 domains, WRF_LADCO_2016_WRFv38_YNT_GFS_LIS JJA mixr2m for d03 and d04 domains, WRF_LADCO_2016_WRFv33_YNT_GFS_LIS

Longitude, “W

c) d)

JJA wndspd10m for d03 and d04 domains, WRF_LADCO_2016_WRFv39_YNT_GFS_LIS

JJA wnddiri0m for d03 and d04 domains, WRF_LADCO_2016_WRFv39_YNT_GFS_LIS

Longituge, "W

Figurel5. Mean absolute errors and biases for air temperature (a), specific humidity (b), wind
speed (c) and windlirection (d) in the 1.33km domains, summer (JJA) 2016
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Table9. 2016 seasonal average 1.&n WRF model performance statistics

Temp2m MixingRatio2m WS10m WD10m (degrees
Season (K) (g/kg) (m/s)
MAE | MB MAE | MB | MAE | MB MAE | MB
1.33 km d03: Lake Michigan
Spring (AM) 1.3 0.0 0.9 0.5 1.3 0.1 34.1 1.1
Summer (JJA 1.3 0.1 1.2 0.2 11 0.1 32.8 34
Fall (SO) 1.2 0.0 0.8 0.0 1.2 0.3 31.1 -0.1
1.33 km d04: Detroit and Ohio River Valley
Spring (AM) 1.3 (0] 1.1 0.6 1.2 0.1 37.0 1.7
Summer (JJA 1.3 0.7 1.3 0.3 11 0.0 37.1 5.1
Fall (SO) 1.3 0.0 0.8 -0.1 11 0.1 36.9 1.6

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

3.3.6 LADCO 2016 WRF Modeégion Scalerformance Summary
We compared the LADCO WRF 2016 summer model performance across domains at the same

stations to see how model performance varies by the grid resolution. There are about 170
METAR stations located in the two 1.33 km domalialel0tabulates summer season (JJA)
WRFperformance at 1Zxm, 4km, and 1.3km grid resolutios. Both errors and biases for
temperature and specific humidity at the 2n grid resolution are reduced by about 20% at the
4-km resolution. Model performance remains about the same for the wind speed and direction
when going from 1&m to 4km resolution There was not an appreciative improvement in

model performance for the analyzedriablesbetween the 4km and 1.3%m resolution
simulations. Although the 1.3Bm simulations did not produce a significant performance
improvement for summertime overaltatistics, the model resolved pretty wedcalscale
convective processes and had a better performance (specifically, lesser wind direction errors)

during the lake breeze afternoon hours, which are discuss&akation 4

Tablel10. 2016 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 1.4 -0.7 15 -0.6 1.1 -0.1 34.2 2.8
LADCO 4 1.2 0.1 1.2 -0.1 1.0 0.0 34.2 5.0
LADCO 1.33 1.3 0.1 1.2 0.2 11 0.0 34.8 4.4
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4 WRF Performance Evaluation for Lake Breeze Events

The highest surface ozone concentrations 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 formation. The lak&eeze is a key mebrological

phenomenon that is associated with high ozone conditions in the region. This section presents an
assessment of the skill of the LADCO 2016 WRF model to simulate the lake breeze, particularly

during periods with observed high ozone concentrasion

LADCO used gqualitative and quantitative methods to evaluate how well the WRF model simulates
lake breeze events that occur on the shorelines of Lake Michigan and Lake Erie. The qualitative
evaluation includes comparisons of satellite imagery and olesewind fields with modeled PBL
height and wind vectors. Statistical model performance at eleven METAR stations located near
the shoreline are used for quantitative evaluation for lake breeze events. The station locations

are shown irFigurel6.

Figurel6. METAR stations on shoreline of Lake Michigan (left) and Lake Erie (right). The
stations are elevated less than 200 ans.| and located south of the 28l latitude
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We used timeseries and CART (Classification and Regressidf dmagjses to identify the

conditions at the surface meteorological stations that are associated with the lake breeze. We
used the statisticatoftware R version 4.1.3 and the R package tpéot classifying

meteorological conditions during the identified lake breeze days. We pruned the CART analysis
trees using sitespecific complexity parameters to increase the overall accuracy of the model a

to minimize crossalidation errors. We then calculated WRF performance statistics, such as

mean absolute error and mean bias, using observed and WRF modeled values on the lake breeze

days predicted by CART for selected shoreline monitors.

4.1 Identifying Lake Breeze Days

LADCO used the Visible Infrared Imaging Radiometer Suite (VIIRS) Corrected Reflectance and
National Doppler Radar daily imagery for May 15 through September 16, 2016 to identify lake
breeze days along the south shore of Lake Erie anddiséern and westerns shores of Lake
Michigan. Imagery from the VIIRS instrument, which is on the joint NASA/NOAA Suomi National
Polar orbiting Partnership (Suomi NPP) satellite, is available through NASA Worldview and the
Global Imagery Browse ServicesB&|https://worldview.earthdata.nasa.gov/). Higésolution
reflectivity composite data from national doppler radar stations can also illustrate features of the
lake breeze, such as front and outflow boundaries and associated precipitation features @ear th

land-water interface [ittps://weather.us/radarus). Table 11 shows the screening results for

identifying Lake Nthigan lake breeze days in 2016.

Both the VIIRS surface reflectance and radar imagery show fair weath¢o4oud level cumulus
cloud fronts that penetrate inland during a lake breeze event. These fronts are associated with
rising, warm air masses oviand that get replaced by relatively cold air masses originating over

the lake during the summer season. The lake breeze can be observed by local change®in lake

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

U https:/icran.r-project.org/web/packages/rpart/vignettes/longintro.pdf
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land winds. The changes in winds can be indicated by numerical weather modeling results fro

the GFS/NCEP/ US National Weather Service (https://earth.nullschool.net).

Table 11. Screening of the lake breeze events near the Lake Michigan in 2016

GFS/NCEP/National
Doppler Radar Weather Service Surfac
NPP/VIIS Surface Reflectance | Reflectivity Composite Wind
(https://worldview.earthdata.nas | (https://weather.us/r | (https://earth.nullschoo
Date a.gov/) adarus) l.net)
5/17/2016 y y y
5/18/2016 y y y
5/29/2016 y
5/30/2016 y y y
6/3/2016 y
no radar data (June 17
6/8/2016 28) y
6/29/2016 y y y
6/30/2016 y y
7/1/2016 y y
7/2/2016 y y
7/3/2016 y
7/4/2016 y
7/5/2016 y y
7/9/2016 y y y
7/16/2016 y y y
7/18/2016 y
7/19/2016 y y y
7/26/2016 y y
7/27/2016 y y
7/28/2016 y y
7/31/2016 y
8/1/2016 y y
8/2/2016 y y y
8/3/2016 y y y
8/4/2016 y
8/5/2016 y
8/6/2016 y y y
8/10/2016 y y y
8/16/2016 y y
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Both the VIIRS and radar imagery indicated that the surface egndergence zones due to a
lake breeze occurred during 21 d&im the summer months of 2016 along the shore of Lake

Michigan.

As an example, the VIIRS surface reflectance, radar imagery and GFS modeled surface wind field
in afternoon of July 16, 2016@shown inFigurel?. The satellite and radar imageries show a
lake breeze front around Lake Michigan and surface wind divergence over the lake, which are

typical features of lake breeze events.

Reflectivity composite (dBZ)
Data | Wind @ Surface

nnnnnnn

Figurel?. Lake breeze front viewed by VIIRS satellite true color imagery (left), radar reflective
imagery (middle), and surface wind field in the Great Lakes simulated by the Géd&I are
shown for July 16, 2016,-2pm

Similarly, we have identified lake breeze days in the shoreline of Laké U&iiey lakebreeze
fonts and associated surface convergence d®eN1IRS satellite true color imagenyd the GFS

modeled surface winfield.

To verify that the LADCO 2016 WRF modeling reproduced the features of the lake breeze, we

looked at simulated images of the predicted surfaceifiOwinds, surface (&) temperatures,

12 satellite data informed lake breeze days in Lake Michiga;5/18, 5/30, 6/29,6/30, 7/1,7/2,
7/5,7/9, 7/16, 7/18, 7/19, 7/26, 7/28, 8/1, 8/2, 8/3, 8/6, 8/10, 8/16

13 Satellite data informedake breeze days in Lake Erie sh&/&8, 5/19, 5/29, 6/21, 6/25, 6/29,
6/30, 7/5, 717, 7/19, 7/22, 7/27, 8/1, 8/2, 8/3, 8/4, 8/6, 8/7, 8/8, 8/10, 8/18, 8/22, 8/23, 8/28, 8/29, 8/30,
9/4, 9/5, 9/9, 9/12, 9/19, 9/21, 9/22
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and planetary boundary layer (PBL) heights during the morningattachoon hours on these
days. In addition, we used classification and regression tree analysis (CART) to help us identify
the meteorological conditions that are most associated with lake breeze days. Descriptions of the

lake breeze analysis and resultdidw.

4.2 Satellite Imagery Analysis

Figurel8through Figure20depict lake breeze fronts that formed around Lake Michigan on May
18, July 16, and August 3, 2016, respectively. The fronts are seen in the satellite true color
imagery, and in the WRF moddlelanetary boundary layer (PBL) height and wind figtitpure3
through Figure5 show the presence of a highressure system in the Midwest on these days.
WRF simulated light east or nordasterly winds in the morning hours (befd800 CST) over
Lake Michigan on these days. The simulated winds shifted in the afternoon witlyeince over
the lake. WRF simulated a lat@®land breeze with onshore convergence starting around noon
that dissipated aroun@100CST. WRF simulated calm and-ve@ather conditions on July 16 and

Aug 3, 2016, which is the typical condition for forminiglke breeze in afternoon hours.

PBL Height and Wind Vector vary by Grid Resolution

12x12km 2016-05-18 202 4xdkm 2016-05-18 20Z 1.3x1.3km 2016-05-18 20Z

ma

o
PBL height (meter) PBL height (meter) =
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Figurel8. May 18, 2016 (1400 CST) satellite imagery and modeled PBL height and wind vectors
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PBL Height and Wind Vector vary by Grid Resolution
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Figurel9. July 16, 2016 (1400 CST) satellite imagery amatieled PBL height and wind vectors

PBL Height and Wind Vector vary by Grid Resolution
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Figure20. August 3, 2016 (1400 CST) satellite imagery and modeled PBL height and wind
vectors

WRF 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 resolved the small to-so@le convectie processes, i.e., the small

clusters of lower PBL heights indicate the formation offeather cumulus clouds over the
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land. These clouds are a common feature of lake breeze fronts, as seen in the true color satellite
imagery. Quantitative WRF modelnfermance at simulating the lake breeze is discussed in the

following sections.

4.3 Observed and Modeled Wind Fields near Lake Michigan and Lake Erie

We compared the WRF model surface wind fields with MADIS observations for the summer
months of 2016. Theurface winds analysis of the lake breeze convergence zones would indicate
if WRF can reproduce these important features that accompany lake breeze frontal movements
over the LADCO region.

Both the surface observation and the 1.3 km grid resolution WRE& fields showed that the
surface wind convergence zones were formed for about 40'dayshe western shore of Lake
Michigan, for about 10 day3in the eastern shore of Lake Michigan, and for 20 tfipsthe
south shore of Lake Erie in 2016 summer. &wah of wind shifts over the lakes were carefully

examined for lake breezmduced wind convergence zone formation near the lake shores.

Appendix A.2 contains plots showing the surface wind comparison between observations and
WRF modeling results for June 3, July 31, and August 9, RigiLe44 showsa lake breeze
convergence zone was formed at 1000 CDT along the western shoreline in Wisconsin, maturated
larger in size at300 CDT and moved westward00 CDT, and finally disappearedl&0

CDT. Similarlysigure45 show northeasterly winds in the morning hours before 1000 CDT that
shifted northerly over the Lake Michigan, and a lake breeze convergence zone was formed along
the eastern shoreline of Lake Michighetween1300and1900pm CDT on July 31, 2016. The

convergence zone dissipated P00 CDT. Again, WRF was successful in reproducing the surface

14Wind convergence observed days in the western shore of Lake Mickif; 5/30, 6/1, 6/2, 6/3, 6/8, 6/9,
6/10, 6/15, 6/16, 6/19, 6/25, 6/28, 6/29, 7/1, 7/12, 7/4, 7/5, 7116, 7/18, 7/20, 7/22, 7/23, 7/25, 7/26, 7/27,
8/2, 8/4, 8/5, 8/6, 8/9, 8/14, 8/17, A8, 8/22, 8/25, 8/26, 8/31, 9/6, 9/9

SWind convergence observed days in the eastern shore of Lake Michigan6/17, 6/18, 7/4,
7/31, 8/1, 8/8, 8/18, 9/3, 9/14

Wind convergence observed days in Lake Bi#®, 6/1, 6/2, 6/10, 6/30, 7/3, 7/11, 7/127/22,
7128, 7/31, 8/4, 8/9, 8/10, 8/19, 8/23, 8/27, 9/9, 9/10, 9/12
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Iflow convergence zone associated with the lake breeze formation along the eastern shoreline of
Lake Michigan othis day. The afternoon wind comparisondHigure21 and Figure22, and

saellite imagery confirmed that a lake breeze occurred on these days and that the WRF wind
fields agreed with observed wind speed and direction. Thus, it confirms that the model

successfully reproduced the surface flow convergence zone associated witkébreeze in

Lake Michigan shore on these days.
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Figure2l. VIIRS true color imagery (left), observed (middle) and 1.33 km WRF (right) surface
winds at 4:00 pm CDT on June 3, 2016 over Lake Michigan
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Figure22. VIIRS true color imagery (left), observed (middle) and 1.33 km figRt) surface
winds at 4:00 pm CDT on July 31, 2016 over Lake Michigan

Figure46 and Figure47in Appendix A.2 show wind field comparisons along the south shore of
Lake Erie on August 9, 2016. The observations indicate southeasterly winds in the morning hours
at 1000 CDT. A lake breeze convergence zone developed later alosmuthern shoreline of

Lake Erie betweeh300 and1900 CDT. The convergence zone dissipate2209 CDT. These

plots illustrate that WRF duplicated the surface flow convergence zone associated with the lake
breeze on this day. We also examined the WRF Wn8and 4 km resolution simulated winds and
confirmed that the model indeed was able to reproduce the surface convergence zones for both

domains.

4.4 CART Analysis for Lake Breeze Events

4.4.1 Meteorological conditions of lake breezes in Lake Michigsroreline

Figure23lists the meteorological conditions that CART associated with lake breeze days along
0KS ¢6Said FyR Slald aK2NBf Aya& Bakedvichidah shdsésa 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
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clusters) at the bottom of thelassification treedentify the meteorologial conditions associated

with lake breeze events (and ndake breeze events such as lantezes).

At the Racine, WI (KRAC) station the CART analysis identified two clusters of meteorological

conditions associated with the lake bresze

1. Easterly wind sfiis greater than 10from previous hour (wind direction < 144nd
hourly wind direction change >Ipand hot and humid conditions (temperature > 28

and specific humidity is 146 g/kg)

2. Warm and moderate moist air (temperature is-28 C and specific huidity is 813 g/kg)

with north-north-easterly winds (wind direction is24 range)

At the Muskegon, MI (KMKG) station the CART analysis identified a single cluster of
meteorological conditions that are associated with the lake breeze: a shifting westiady
direction and a relatively hot and moist amass (hourly wind direction shifts slight or greater

degree, temperature > 2€, and specific humidity <16 g/kg).
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Figure23. Meteorological conditions classifieduring the lake breeze periods at western
shoreline (KRAC station on the top) and eastern shoreline (KMKG station on the bottom) of
Lake Michigan during 226 local standard time. Graduated red and blue colored tree nodes

indicate strength of predicted prbability of the lake breeze events and offshore flows.
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Tablellsummarizes the typical meteorological conditions and hourly indicators of lake breeze
events for the western and eastern shores of Lake Michigan. In the western shore of Lake
Michigan, the lae breeze sets in during warm, moderately humid and northéast

southeasterly wind conditions. During this condition, wind direction smffi€)-40 degrees from
previous hour recordand wind speed and specific humidity increases byl®5unit during
1200-1600CDT

Westerly flow is the dominant meteorological condition for lake breeze events along the eastern
shore of the Lake Michigan. Other conditions include hourly wind direction changes in the range
of 1020, and slight drops in wind sped@.51.0 m/s) during the onset of a lake breeze. The lake
breeze occurs in much warmer and more humid conditions in the east shore of Lake Michigan
(T>2528°C and 10g/kg<Q<16 g/kg) as compare to the west shoREKB<2%C and 5g/kg<Q<16
g/kg). There arewwo METAR stations located on the south end of the lake, however, the CART
analysis was only carried out at one station due to extensive missing data at the other station.
The lake breeze meteorological condition and hourly indicator at this station iswbat similar

to that of east shore stations.

Tablell Classified meteorological conditions for lake breeze events in Lake Michigan basin
during 1216 CST, summer of 2016

West shoreline (4 stations) South (1 station) East shorelie (5 stations)

breeze events

Temp >25828°C

10 g/kg < Humidity <16 g/kg
3.5 m/s<Wind speed< 4.5 m/s
223256 Deg <Wind direction
<248360 Deg
breeze
Very slight temperature drop
(0.6 oC per hour)

Meteorological conditions during the lake
27°C< Temp < 3C

Humidity <10 g/kg

Wind speed< 5 m/s

84 Deg <Wind direction <114
164 Deg

Hourly indicators for onset of lake

18°C< Temp < 2&

5 g/kg<Humidity <16 g/kg
0/5-2.5 m/s < Wind speed

84 Deg <Wind direction <114
164 Deg

Moderate humidityincrease
(0.50.8 g/kg per hour)

Slight humidity increase (<0.2
g/kg per hour)

Slight humidity increase (<0.2
g/kg per hour)

Slight wind speed increase (0.5
1.0 m/s per hour)

Slight wind speed decrease (©.
1.0 m/s per hour)

Slight to greater wind dirgion

shift (1040 deg per hour)

Slight wind direction shift (20
20 deg per hour)
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'4.4.2 WRF model performance during lake breegeentsalong theLake Michigan shoreline

LADCO calculated model performance statistics using surface observations amiodéed

values at the shoreline stations on days and locations in which the CART predicted lake breeze

probability was greater than 70%. We also calculated performance statistics at the same

locations on noHake breeze days to gain additional insight il&F performance for lake

breeze events. For the ndake-breeze days we analyzed days with similar temperatures,

humidity, and wind speeds the lake breeze days K2 6 S @S NE

tE118

oNBST S

satelliteand Doppleimageies and an independd model wind fields that are used and

described in thddentifyingLake Breeze DaySectiord.1).

Tablel2 presents the WRF mean absolute errors and mean biases on lake breeze aiatenon

breeze days averaged across all thtddDCO WRF grid resolution simulations (12/4/1.33 km)

near Lake Michigan. WRF performs relatively well at the shoreline stations for days with and

without a lake breeze, and under similar meteorological conditions. The model errors and biases

are within theWRF performance benchmarks. The model performance is slightly degraded on

the lake breeze days compared to the Rlake breeze casavhich can partly be explained by a

greater sample size for the ndake breeze days as compare to than for lake breeze.day

Tablel2 Average WRF model performance summary for lake breeze andla&e breeze days
along the shoreline of Lake Michigan

; Lake Breeze Non-Lake Breeze
Variable
MAE MB MAE MB
Temp2m 1.24 0.50 1.06 0.21
MixingRatio2m 1.30 -0.65 1.06 -0.41
Wind speed10m 1.14 -0.68 1.14 -0.73
Wind direction10m 25.93 1.73 22.29 -2.05

Tablel3 presents WRF performance statistics for lake breeze days across different model grid

resolutions. Refinement to the model grid resolution does not produce a significant performance

improvemen. Temperature, specific humidity and wind speed errors for all grid resolutions are

in a range of 0.93..68; and wind direction errors in a range of 226.2 degree. The WRF

temperature forecasts for the 12km grid have a low bias, while the finer gndiations tend to
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overestimate temperatures by (€ on an average during the lake breeze events. Specific

humidity and wind speed are underestimated by-Q.0 g/kg and 0.8.9 m/s, respectively.

Table13. Average WRF modg@erformance summary by model grid resolution for the lake
breeze events in the shoreline of Lake Michigan

. 12 km 4 km 1.3 km
Variable
MAE MB MAE MB MAE MB
Temp2m 1.24 0.01 1.27 0.74 1.22 0.75
MixingRatio2m 1.68 -1.03 1.28 -0.81 0.93 -0.11
Wind speed10m 1.28 -0.90 1.07 -0.62 1.08 -0.52
Wind direction10m 25.70 -0.51 26.22 3.19 25.88 2.52

In addition to these averaged statistics, we analyzed the mean absolute errors and mean biases
at specific shoreline stationgigure24 and Figure25 summarize the WRF model errors and

biases, respectively, for the lake breeze and-tale breeze events at each station. The box and
whisker plots summarize the performance acrosghaee grids, the dots show the performance
statistics for each grid resolution. Light gray lines in each panel represents the Emery et al (2001)

model performance benchmark values for each variable.

temp2m

humid2m

s fﬂﬁ B L o i

Mean Absolute Error
o

wnaspdmm

o Lo O i

@ & @
e 2 2 2
wnddir10m

8
S

ﬁ i o ol i *5

KRAC KPWK KORD KMDW KIGQ KBEH KLWA KBV KMKG KLDM

s

Lake Breeze ? o Yes E*:l No Model Grid  *+  12¢12km  +  4xdkm +  1.3x1.3km

Figure24. MAEsfor temperature, specific humidity, wind speed and direction at METAR
stations in Lake Michigan shore.
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Figure25. MBsfor temperature, specific humidity, wind speed and direction at METAR stasio
in Lake Michigan shore

WRF generally simulates the temperature, specific humidity and winds at ttetgans during

lake breeze events with error and bias statistics that are within the commonly used performance
benchmarks. Model absolute errors fa@mperature and wind speed are similar for days with

and without a lake breeze. Specific humidity and wind direction errors are higher for the lake

breeze events than those for similar met conditions without a lake breeze.

At the westernLake Michigarshordine stations, thevViB plot (Figure25) shows that WRF tends

to overestimate temperature, which led to underestimations of specific humidity and wind

speed. These undestimations are greater during the lake breeze events. The error and bias

plots show that when looking at individual sites the model performance improves at finer grids.

At the eastern_ake Michigamshoreline stations, model errors and biases for temperatu
ALISOAFTAO KdzZYARAGE YR 6AYR &LISSR -ldkebyeozgayR A FF S

Generally, model performance improves at the finer grids at eastern shoreline stations.
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Interquartile range of wind direction biases for the lake breeze events vinaesstation to
station, which could be explained by the lake breeze induced convection formed in lake shore

areas.

4.4.3 Meteorologicalconditions oflakebreezesin the south shore of Lake Erie

Common meteorological conditions classified and predicted for lake bregfgaoon hours at

the south shore of.akeErieare shown irFigure26. CART resalstemperature and wind

speed/specific humidity are the top two splitting variables at most of the stations, folldoyed

wind direction and indicator variables designed for identifying the lake breeze conditions such as
changes in wind speed, directicemd specific humidity from previous houihese variables

wereOf F A3AFASR F2NJ LINBRAOGAY3I O0AYIFNR OflaasSa 2
afternoon hours (12:04.6:00 LST). Theagluated red and blue colored tree node=present the
classifiedmeteorological conditions fdake breeze events and ndake breeze evenisuch as

offshore flow and lanébreezes, respectively.

At the KBKL station, the analysis revealed that lake breeze occurs in a combination of three set of
meteorological caditions: (1) northerly wind becomes calmer arndnd direction shifts in 880
degree from previous hour (wind direction rargm285-20 ; (2) hourly wind direction changes
in 0-30 , and hourly wind speed drops ir103m/s ) during relatively hot and humabnditions;
and (3)temperature is in 280 C and specific humidity is in-15 g/kg or greaterAt KERI
station, lake breezeoccurs during the following three set of meteorological conditiqa$
southwest to northerly windon hot and humid days with slight temperature increasg to
0.75 C from previous houm{ind direction rangefrom 249-360 and temperature rangeom
24-29 C, withhourly temperature increase in a range of 60075 C/hour);(2) wind speed
reduces slightlyhourly windspeeddecreasesn 0.5-1.0 m/s )on hot and calm days€émperature
is in 24-29 C andwind speed is less than 3.6 m/and(3) northeasterly wing onhot days wind

direction ranges from 0-44 , air temperature is greater than 2€).
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Figure26. Meteorological conditions classified during the lake breeze periodK8KL and KERI
stations in the south shore ofakeErie in 2016 Graduated red and blue colored tree nodes
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'indicate strength of predicted probability of the lake breeze events and offshfioev and non
lake breeze daysrespectively.

Our CART analysis found thattbe south shore of the Lake Etige lake breeze 9s induring
hot and humid conditions with temperatuseganging from21-31°C and humidityanging from
10-17 g/kg Table14). During heseconditions, the wind speed drop a bit 0.5-1.3 m/g, wind
direction shiftsslightly(30 as compare to the previous hour recordifgsumidity dropsslightly
(0-0.6 g/kg, and temperature increasd®-0.75 C) during afternoon hours.

Tablel4. Typicalmeteorological conditionduringlake breezan the south shore ot.ake Erie,
summer of 2016

Meteorological conditions during the lake breeze events

21°C< Temp < 3C

10 g/kg<Humidity <17 g/kg
0.55.0 m/s < Wind speed

280 Deg <Wind direction <20 Deg

Hourly indicators for onset of lake breeze

Slight drop in humidityQ-0.6 g/kgdecreasdrom previous hour)
No change to slight temperature increase (0.@5 oC increase from previous hour)

Slight wind speed decrease (AL m/s decrease fromrevious hour)
Slight to moderate wind direction shift (<30 deg from previous hour)

4.4.4 WRF model performance during lake breezes in south shore of Lake Erie

Summary of the model errors and biases by lake breeze andakenbreeze eventsear the
south shore of Lake Erand by model grid resolution are tabulatedTiablel5and Tablel6,
respectively Temperature, specific humidity and wind speed errorstifier 12km, 4km and 1.3
km grid resolutions are in a range of 6:2.45; and winddirection errors rangén 27.6-30.1
degree.Model errors andiases fotboth lake breeze events and similar met conditiane
within the WRF performancbenchmarls. The LADC®@/RFsimulationtends to underestimate
these examined variable3dblel5) regardless of different grid resolutiomgblel6), however,

the errors and biases slightly improve at finer grids.
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Tablel15. Model performance summary for lake breeze and ntake breeze events in the
south shoreof Lake Erie

. Lake Breeze Non-Lake Breeze
Variable
MAE MB MAE MB
Temp2m 1.09 -0.35 1.28 -0.55
MixingRatio2m 1.19 -0.50 1.24 -0.28
Wind speed10m 1.09 -0.55 1.14 -0.48
Wind direction10m 28.98 -4.27 26.65 0.19

Tablel6. Model performance summary by model grid resolution for the lake breeze events in
the south shoreline of Lake Erie

; 12x12 km 4x4 km 1.3x1.3 km
Variable
MAE MB MAE MB MAE MB
Temp2m 1.16 -0.61 1.02 -0.16 1.07 -0.28
MixingRatio2m 145 -1.02 1.15 -0.59 0.9% 0.10
Wind speed10m 1.21 -0.91 0.99 -0.48 1.06 -0.27
Wind direction10m 30.73 -5.20 27.55 -4.69 28.66 -2.93

Station specific model performance statistfos sites along the south shore of Lake Exie

shown inFigure27. The WRF model errors and biases for the lake breeze anthkerbreeze
events at each stationra summarized by the red and blue boxplots, respectively. The jitter dots
show the performance statistics fa2-16 local standard timéor the different grid resolutions.

Light gray lines in each panel represents WiRF performancbenchmark valuetor errors and

biasesfor eachvariable.
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Figure27. Mean absolute errorstpp) and mean biasespttom) for temperature, specific
humidity, wind speed and direction at METAR stations in the south shore of Lake Erie
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TheCARTodel for predictindake breeze periodalongthe south shore of Lake Efiws alower
accuracy (82%n averagé thanfor the Lake Michigashoreline(92% accuracygn average.
Despite the lower accuradgr predicting Lake Erikake breeze eventwith CARTour analysis
indicatesthat WRF performanceeduringlake breeze periodalongthe south shore of Lake Erie
are within the model performancéenchmarils. At allof the analyzed Lake Erms¢ations, except
for KPCW, the model parmances for lake breeze events alghtbetter than those for the

non-lake breeze conditionget the performance statistics vary by hour (not shown)

Secific humidify is the onWRFvariable where we see model performance impray/rom the
12km to1.33km resolution at all examined statioWe summarized the model performance for
meteorological conditionat 12001600 LS®n CARATidentified lake breeze daydn future
analyses of the lake breeze, we may consigeether these hourdestcapture thelake breeze
periodsin the south shore of the Lake Erfills et al(2007) indicated that lake breezeccur
between 1000 20:00pmLSTin Lake Erie witllurations rangng from 2-13 hours depending on
the weather conditios. During the identification process of lake breeze days in Lake Erie, we
noted that GFS modeladind divergence formed over the Lake Eniere relatively weaker than
that formed over the Lake Michigan, which could indiddtat moderate strengthake breeze

forms and lasts for longdrours along theLake Erie shoreline.
4.5 Lake Breeze Performan&immary

Accurate knowledge aVRF model performance during theke-breezeeventsis needed in

order to understandand anticipate its impact on simulatisgirface ozone concentrations in the
Great Lakes Basiespeciallynear the shorelines of the lakeQualitative conparison of WRF
modeledPBLheight and wind fieldwith the lake-breeze frontidentified by satellitemageryand
observed windield reveakd that WRF successfully reprodudaklle-breezeconditionsandthe
associateagsurfaceconvergence zoreformed off of the Lake Michigan and Lake Erie shorsline

during selected high ozone days in 20ll6cal scale convective processes were better resolved
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Iby the 4km and 1.33 km grid restibns, which likelylead tobetter simulatons ofthe land and

lake circulation near the lake shores

LADCO identifiechke reeze daysluring simmer 2016 by lakéreeze fronts and surface
convergence zoneasseen in satellite imagery, radar imagery, dndh ! ! Q @odBl @ihd

fields. LADCO developed@ART statistical modesing data fronselected METAR stations

the shorelnes of Lake Michigan and Lake Hige predicting lakebreezedays The CARIake
breezemodel prediction accuracies were 92% for Lake Michigan and 82% for Lake Erie, on
average LADCO used the CART model to determineypeal meteorological conditiorend
indicators for lakebreezedaysalongthe shores of Lake Michigan and Lake Efléne model
identified wind directionand 2-m temperatureasthe top two variables for explaining lake
breeze vs. nottake breezesventsin the Lake Michigan shore, whizm temperature wind
spedal, and specifibumidity were the variablemost associated with the lake breeze along the

south shore ot.ake Erie.

LADCO calculate®!RF model performander lakebreeze and nodakebreeze daysWRF
performed well predicting temperature, moisture, and winds at tekorelinemonitorsof both
lakes The WRIodel errors and biases are within the WRF performance benchnfiairks
temperature, specific humidity and wind speed, and less than 30 degree errors for wind
direction. The model performance is slightly degraded on the-ale=ze days compared to the
non-lakebreeze day®sn shoreline of Lake Michigan, while opposit&i® on the south shore of
Lake ErieThe errors and biases for lake breeze days vgéghtlyimproved at finer griden Lake

Michiganand Lake Erie shore
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'5 Conclusions and Future Wok

5.1 Cumulative assessment for the 2016 WRF Model Estimates

LADCO simulatesheteorology with theWRFv3.9.1l model with four nested domains that focus
onthe Great Lakes BasinADCO simulated annual 2016 meteorologyafoouter continental
U.S.12-km domain,and theozone season (Apii October) for the inner «m and 1.3%m

nested domainsLADCO used physics and initialization options identified as the best performing
WRF configuratiom the LADCO regidhrough a collaboration with the University of Wisconsin
through a NASA Health and Air Quality (HAQ) ghamded project

The LADCO 2016 WRF simulaimim good agreement with observatiomns key surface
meteorological variablesThe WRF performance statistics for all grid resolutgmailated by
LADCOra within the acceptableneteorology modeperformancebenchmarks proposed by
Emery et al. (2001) and Kemb@&lbok et al. (2005) for air quality model applications. It is worth
noting that the LADCO 2016 WRF simulation has a cold and dry bias in the sunomtles

across much of the Eastern U.S. The modebhadry bias and underestimates wind direction in
the South Central and Southeast in fall and winter seasons.

LADCQ@ompared summeseasomperformance acrosthe different grids that we simulatetb
evaluate how the model error and biaariesby grid resaltion. Theerrors and biasem
temperature and specific humidifyredictionsare reduced by about 20% the 4-km resolution
simulation compared to the 2Rm simulation There was not an appreciative improvement in
model performancdor temperature, humidity or windat 1.33 km resolutionThel.33 km grid
domainsdid resolve wellocal scaleonvective processes and had better performance
(specificallylower errors inwind direction) during the afternoon houmn days when lake beze
conditions were observed.

LADC@pplied a novel approach for assessing model performance during lake leeaes We
identified ke breeze dayduringsummer 2016sing satellite and radar imagery lake-breeze
fronts, and with NOAA GFS model wireldsfor surface convergence zonéd/e developed a
CART statistical modef lake breeze eventssing surface observatiora stations along the
shorelines of Lake Michigan andakeErie for predicting lakédreezeand norlake breezedays

The CART modatcuracies were 92% for Lake Michigan and 82% for Lake Erie, on average.
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IWe used the CART results to identipital meteorological conditions and hourly indicators for
lake-breeze daysand then evaluaté the model performance during lake breeze corahst.
CART identified iwd directionand temperatureasthe top two predictors oflake breeze vs. nen
lake breeze dayalong theLake Michigan shorevhile air temperatureand wind speed/humidity
were the main predictors alonghe south shore of Lake Erid/e found thatWRF performs
relatively wellin simulating conditions along trehorelines of the both lakes, model errors and
biases are within the commonly used benchmark set by Emery et al. (20&Eperformance is
slightly degraded on the lakereeze days compared to the néake breeze days on shoreline of
Lake Michiganwhilethe opposite is true on the south shore of Lake Efiee model errasand
biasfor the lake breeze events amaproved at iner grid resolutios atthe shordine sitesof

Lake Michigan and Lake Erie

5.2 Lesson Learned and Future Work

LADCO developed a Great Lakptimized WRF configuration feimulating air qualityThe
combination ofWRFphysical parameterization schemes, geihperature and moisture
initialization, andhe nudging schemesedin the LADCO 2016 WRF modeling
(LADCO_WRFv39 2016 _YNT_GRHSroMd to be the best suited configuration for 12/4/1.33
km grid resolution modelingf the ozone seasoWhile this WRF configuration performed well
for sites in the Great Lakes Basin during the ozone season, it did not repridducbservations
as well in other seasons and other parts of the country. Futuoek is need to further immve
model performance for all season and other regiddse idea that LADCO is considering for
future WRF applications is to use different physics configurations for the different grid
resolutions, for example using one set of the physics options for @&WCS 1Xm domain and

another set of options for the-tm and 1.3%m domains.

LADCO used the AMET software to calcldiFnodel performancestatistics AMETstatistics
are derived froncollated observation and modeled valuaisthe grid cels in whichobservation
stations arelocated. For consisteyd A G K 9t | Qa Iméthds foryaly Solfution, ivisch {
consideranodeledadvection errorsfuture workat LADCO mawodify, test and operationalie

the core codes of AME® support the calculation of meteorological performance statistics
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based on a matrix ajrid cells surrounding a monitor, e.@x3 cells surrounding the observation

station for the 12km grid resolution regional model.

The model performance evaluation flake breezesventsusing CART analysis is a new approach.
Our methodswill be improved in future applications ligcreasinghe number ofpredictor
variablesfor lake breezeventsto better isolatesynoptic scale processésat may have inilar
charactersticswith lake breezes (Laird et al. 200¥Ye will alsattempt to consider varying
durations ofthe lake breeze by identifying lake breeze start and end times (Wagner et al. 2022).
We summarizedVRFperformance for the meteorological conditions thaARTidentified aslake
breeze daysluring1200-1600 LST witlthe goalof having a consistent hour range regardle$s

the station location. Sills et a2007) indicated that lake breez®nditionsoccurred between
1000-2000LSTalong the shores dfake He with durations of 2-13 hours depending on the

weather conditionIn future applications of the CART lake breeze model LADCO will explore

alternative periods during the diel for analyzing lake breeze events
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Appendix A:Additional Materials
Additional LADCO WRF 2016 simulation MPE plots are available on the LADCO website:

https://www.ladco.org/technical/modelingresults/
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A.1 CONUS 12 WRF MPE Plots

Figure28. Mean Absolute Errors and Biases for Temperature, the 12 km Domain, Winter 2016
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