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Abstract: This paper presents evaluation results in terhssadistical metrics (bias, correlation coeffidieNMSE, factor of 2) for an MM5-
SMOKE-CMAQ operational forecasting system for tegion of West Macedonia, Greece. The evaluatioiogés 15 October 2009 — 15
February 2010 and the focus is on particulate maftest Macedonia is a region of northern Greeceramany lignite power plants and
mines are located, and where the majority of tieetetal power of Greece is produced. The plantsrames are located in a mountainous
basin where occasional exceedences of the alloviatits for particulate matter concentrations abserved. The operational system has
been set up by the University of Western Macedonidehalf of the Greek Public Power CorporationGPBnd performs three-day air
quality forecasts every day. Separate evaluaticere werformed for each day of the forecast (fsstond, and third), with no significant
difference in the results being observed. This shihat the quality of the forecasts is mostly afddy other factors rather than the elapsed
time of the forecast, for forecast durations up tays.
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INTRODUCTION

The region of West Macedonia, in the north of Gegethown in Figure 1, is a mountainous relativglgrsely populated
area. In the north east of this region there isBbedea basin which is rich in lignite depositsd @his has caused the
construction of several lignite-fired power plabtsthe Greek Public Power Corporation (PPC). Thenbesiends into the
F.Y.R.O.M. where another power plant is installe@mBitola. All the power plants are fed by open aagtes, and the
power plants of the PPC produce 70% of the totatedal energy output of Greece.

The Eordea basin is oriented from NW to SE, is adoB0 km long and 10-25 km wide, and relatively 88650 m above
sea level surrounded by mountains which reach 2@0@Figure 1). The largest cities of West Macedomiazani and
Ptolemais, as well as the city of Florina, are tedawithin the basin. The prevailing winds are weathkd directed along the
axis of the basin. Environmental concerns due ¢oirtkense industrial activity have led the PPCnistdll a network of air
quality monitoring stations, the locations of white indicated in Figure 1, and which measure oaotisly PMyand PM 5
concentrations. The situation with respect to paldite matter in West Macedonia is described in emdetail by
Triantafyllouet al 2006.
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Figure 1. The topography of West Macedonia. Blaskbered squares indicate power plants and greg aree the lignite mines. The
blue numbers indicate the locations of the airitjualonitoring stations whose names appear ing¢gerd on the right.

To aid in the environmental management, the Enwm@mtal Technology Laboratory (ETL) of the Univeysitf Western
Macedonia, located in Kozani, has set up on beatfalhe PPC an operational system which includesmapoment which
produces 3-day air quality forecasts on a dailyshdmsed on MM5 (Grebt al, 1994) and CMAQ (Byun and Ching, 1999,
Byun and Schere, 2006). Some aspects of this ipeaasystem were described in a previous workiésiet al, 2009). In
this paper, the prognostic ability of the systerassessed against the BMnd PM s measurements of the PPC stations, over
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a winter period of four months (15 Oct. 2009 — HF2010). The complex topography, the lack of itletaemissions
inventories for the neighbouring countries (F.Y.RQ.Albania), and the high grid resolution (2 x &kare factors which
may adversely affect the quality of the forecabte evaluation is performed separately for the,fgscond, and third day of
each forecast to investigate the evolution of tredast accuracy in time.

SYSTEM SET-UP

The initial and boundary conditions for MM5 are a@ibed from the output of the GFS model stored i dhily global
repository of the National Center for EnvironmerRagédiction (NCEP), USA. A series of four nests reguthe resolution
from the original 1 x 1 deg. (approx 100 x 100 kegolution of the GFS to the 2 x 2 km resolutionhaf grid which covers
West Macedonia (the region shown in Figure 1). ey nesting is used. The number of vertical lei®l30, with the first
layer having a height of approx. 35 m.

The MM5 parameterization used is as follows: ReisBi@upel (Reisner2) explicit moisture scheme, Kaits€h 2 cumulus
parameterization, MRF planetary boundary layer sehd®RTM radiation scheme, and five-layer soil model.

Because the original initial condition informatiendn a 100 x 100 km grid (the GFS grid) and thistisrpolated to a 2 x 2
km grid, a start-up period is used to quench thergiintroduced by the interpolation. Thereforeheforecast is made to use
yesterday’s start as its starting time. That is, fttst 24 hours of each forecast are not reafigracast, but a simulation of a
period that has already elapsed, and so observdtitmare available. In fact the initial and bougdzonditions for this
initial 24 hour period are obtained from the NCEPNLF Global Tropospheric Analyses” product availabdlem
http://dss.ucar.edu/datasets/ds083This product is in the form of GRIB files contaigidata covering the entire globe at
1x1 degree resolution (approx. 100 km), at 6-hauerivals, obtained by correcting the GFS model iptieehs using
available observations. These data are not onlgt asenitial and boundary conditions, but they @s® used to nudge the
MMS5 simulation in the interior of the coarsest damaising the “three-dimensional analysis nudgiRBIPAGD)” option of
MMS5. This initial start-up period gives a good $itag point for the actual forecast, which extends fbur days into the
future. During the actual forecast, the GFS modetljctions are used as boundary conditions.

CMAQ on the other hand uses only one domain, thex1¥40 km domain shown in Figure 1, which is alse finest domain
used by MM5. The same grid is used as with MM5hwitresolution of 2 x 2 km and 30 vertical lay8itse reason why only
the finest domain is used is that any larger dormeonld cover parts of the F.Y.R.O.M. and Albania;, ¥ehich detailed
emissions inventories are not available at such regolution. Of course this may significantly lirthe prognostic ability of
the system because only local emission sourcetakem into account. The present evaluation attetapiavestigate the
effect of this limitation. For the interior of thdomain, a detailed emissions inventory has beempapee by the
Environmental Technology Laboratory of the UoWM ad@SR Demokritos, Athens (Vlachogianres al, 2007), which
includes sources such as the traffic network, dtimé®ating, industry, and biogenic sources, andmfrse the power
generation-related sources (plants and mines).

The emissions inventory is processed by the UNC SHEQHodel http://www.smoke-model.or/to produce hourly
emissions for each of the species of the Carbon Béndechanism selected for CMAQ. The power plantlsgtaamissions
are spread among several layers, according toltineerise prediction performed by SMOKE which udesmeteorological
prediction provided by MM5. All other emissions @assumed to occur within the grid cells which atgeent to the ground
(i.e. within layer 1). The particulate matter ipmesented in CMAQ using the “aero3” aerosol module.

For each 3-day CMAQ forecast there is no initiaitst@ period like MM5, but the initial conditiongeaobtained from
yesterday's CMAQ forecast.

MODEL EVALUATION

This paper presents evaluation results for theegydor the four-month period 15 Oct 2009 — 15 Feib@® For each of the
PPC monitoring stations we have one time seriesad{ dverage values for the four month period frime recorded
observations, and three model time series: onardatdrom the first day of each forecast, one fithn second day, and one
from the third day. Although the stations recorditip concentrations, and so do the models, yetHerpresent work we
have used daily averages. Also, the model predistimve not been interpolated to the station lonatibut the observations
of each station have been directly compared tortbael results at the grid cell which contains ttagien.

Figure 2 shows time series of hourly PM10 concéiotna for two rather random 4-day periods, at Koztre largest town
of West Macedonia, where the Environmental Techmplbaboratory is based. The observations are frarh’€ own
monitoring station (black lines). In each diagrdme toloured lines indicate different MM5/CMAQ foreta A different
forecast starts every 24 hours. The only input tidcdifferent in every forecast is the initial abdundary meteorological
conditions which come from the GFS model. The eimissare exactly the same in each forecast (exuegbe the plume
rise from the stacks which is calculated by SMOKtading to the meteorology). Usually this diffecenin initial /
boundary conditions causes a small deviation betweecessive forecasts, as can be seen from trdidgfam of Figure 2,
where the coloured lines are not much differentmfreach other. However, there are cases when siezdsgecasts give
substantially different results, such as in theecgsown on the right diagram of Figure 2, in thylatripart of the diagram. To
investigate this, in this work we have assemblagettime series, one consisting of the first dayeath forecast, one
consisting of the second day of each forecast, arel consisting of the third day of each forecast] have performed
separate evaluations for each time series. Onedwaqdect that the quality of each forecast detatésr as time passes.
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Figure 2. Time series of hourly Ritoncentrations for Kozani for two 4-day perioast(120-23 Jan 2010, right: 21-24 Nov 2009). The
black lines indicate the concentrations measuretthé®yJoWM station, and the coloured lines indicateMM5/CMAQ predictions.

Table 1. Performance statistics for each monitosiagjon (the locations of the stations are shawfigure 1).

Table 1 presents the results of the evaluation.fol@wving statistical metrics are used (Chang arahirh, 2004, 2005):

Normalized Mean Square ErroNMS

Mean Bias:MB =C, - C,

Fractional Bias:FB=

G-c)
0.5(C, +C.)

E= 7(007_ &)z

<)

O[I:P

STATION DAY PM ;- PM¢
MB FB | NMSE | FAC2 R MB FB | NMSE | FAC2 R
1. 1 21.1 1.29 3.74 0.06 0.13 38,0 1.47 671 g.01 20.1
Florina 2 21.6 1.33 3.95 0.08 0.21 38.3 1.49 694 g.05 7-0.0
3 21.4 1.34 4.15 0.06 0.19 39.0 1.p1 7122 g.02 4-0.0
2. 1 11.8 0.86 1.78 0.38 0.17 14.0 0.7/6 1{65 .43 D.07
Vevi 2 11.7 0.84 1.81 0.40 0.08 146 0.[79 1{57 g.41 D.22
3 11.8 0.87 1.73 0.38 0.38 14.8 0.80 1{62 (.43 D.22
3. 1 9.0 0.65 1.09 043 0.33 10{5 0.2 0{83 0.48 0.48
Amyntaio 2 9.8 0.72 1.2} 041 0.34 1143 0.p6 0{85 0.52 0.51
3 9.9 0.73 1.19 044 034 119 0.p9 0{87 0.59 0.50
4. 1 7.3 0.36 0.49 0.77 0.48 7|5 0.17 0J66 0.78 0.51
Anargyroi 2 8.1 0.40 0.49 0.7¢ 051 8|0 0.18 0J60 0,78 0.61
3 7.9 0.39 0.5Q 0.76  0.50 9|2 0.20 0)59 0,79 0.63
5. 1 5.4 0.35 0.61] 0.64 0.42 2|4 0.09 0}46 0,75 (.50
Pentavrysos 2 6.1 0.40 0.63 0.67 0.40 4/0 0.16 0J50 0,77 0.47
3 6.6 0.44 0.66 0.7 0.44 4[9 0.19 0148 0.74 0.53
6. 1 6.5 0.36 0.5] 0.71 0.44 7|2 0.19 0144 0L79 0.58
PPC village 2 6.9 0.39 0.5Q 0.68 0.42 8|1 0.21 044 0.77 0.59
3 7.6 0.40 0.54 0.69 0.40 93 0.24 0145 0,72 0.60
7. 1 43| -0.24 0.35 0.74 039 -314 -0.7 0{94 0.34 .53(
Mavropigi 2 -3.7| -0.22 0.30 0.7¢ 041 -29{8 -0.f/5 0{88 0.33 .53
3 -3.8| -0.22 0.30 071 044 -3012 -0.y4 0{89 0.35 .57(
8. 1 6.1 0.47 0.79 056 0.3 6|7 0.29 0)76 0,58 0.35
Pontokomi 2 6.6 0.51 0.87 0.57 0.2/ 712 0.81 0,88 0,61 0.25
3 6.3 0.47 0.84 0.62 0.30 7|1 0.80 0)83 061 0.29
9. 1 9.9 0.74 1.04 04% 0.4p 140 0.64 0{88 0.53 0.56
Petrana 2 9.8 0.73 1.07 0.4% 0.39 1443 0.56 0{95 0.51 0.50
3 9.9 0.74 1.1] 0.37 0.40 145 0.56 0{94 0.49 0.53
10. 1 13 0.09 0.45 0.62 0.49 -4{1  -0.16 047 0,59 0.51
Koilada 2 2.2 0.16 0.40 0.63 0.44 -3]1  -0.13 0146 0,60 0.43
3 2.0 0.14 0.50 0.58 0.38 -3[0 -0.12 0J51 0[52 0.43
11. 1 8.4 0.75 1.22 0.3 0.44 1115 0.F3 112 0.49 0.59
Kato Komi 2 8.6 0.77 1.29 047 0.37 12|0 0.F5 126 0.49 0.47
3 8.7 0.80 1.33 0.3 0.4 12|11 0.f7 1124 0.40 0.59
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FAC2= Fraction of data that satis@/5< % <20

6eXe-2)

Correlation coefficientR =

where G are the observationsp@re the predictions, an overbar denotes an aversgehe dataset, ard is the standard
deviation over the dataset.

According to the literature, models are in gentrs$ capable of accurately predicting aerosol aunagons than predicting
concentrations of other pollutants (e.g. 8ual, 2008, Zhanget al, 2006, Vautarct al, 2007). This may be the reason that
there are relatively few studies in the literatwieich contain detailed evaluations with statistioatrics for particulate
matter (e.g. Bessagnet al, 2004, Zhangt al 2006, Hogrefet al, 2007, Yuet al, 2008). Furthermore, most of these studies
refer to simulations at large spatial scales, @it resolutions of at least 8 x 8 or 12 x 12 kmpmre. An exception is Yat

al, 2008, where the finest nest has a resolutionloh3very close to the 2 km resolution used inghesent study. However
a difference between Yet al, 2008 and the present study is that in the fotimertopography is quite flat, while in the latter
the topography is quite complex. Also, in any ceséhe aforementioned studies the domain of integesurrounded by
larger domains for which emissions inventories arailable, while in the present study the finesndin is used alone in
CMAQ because of lack of detailed emissions invaasofor the surrounding regions. Thus the effealisfant sources is not
taken into account.

In Table 1 the stations are ordered approximateljnfnorth to south. The first station is that abrifia, for which the results
are the worst over all stations with very stronglenestimation of both PM and PM, concentrations and bad correlation
coefficients. However the Florina station is inagpiately located next to a localized source of RMirt road with truck
traffic), and thus its measurements are not reptatiee for the town of Florina. The PPC is plarmnin move the station to a
more appropriate location soon.

The next station is that of Vevi, close to the Melbwer plant. Here the situation improves asa@&the statistical metrics
are concerned, although it is still below what da expected according to the literature. Again ehisr significant
underestimation possibly due to deficiencies inghessions inventory or to the omission of transigtauy pollution from
the F.Y.R.O.M.

Next we have the stations of Amyntaio and Anargytoi the north and west of the Amyntaio power plantd mine
respectively. The results here improve further,fouAmyntaio they are not yet of acceptable gyallihey can be seen to be
quite acceptable for Anargyroi though, with the mesthaving values similar to those reported elsawhn the literature
(see the aforementioned studies). It is notablettieamodel underpredicts the PMtoncentrations with FB of 0.70 and 0.40
respectively for the two stations, and thegpbbncentrations with FB of 0.55 and 0.20 respebtivieis also notable that the
model is more successful in predicting Rithan PM 5 concentrations in terms of all the statistical nest

Next we consider the group of stations 5-8 (Pentns, PPC village, Mavropigi, Pontokomi) which diethe heart of the
area of PPC industrial activity, close to the latgmines and power stations. The results are gindléhose reported in the
literature in most cases. Mavropigi is the onlytista where the model overpredicts the PM conceinat In the other

stations there is some underprediction with FBrofiad 0.40 for PN and 0.20 for PM,. The results for Pontokomi are
slightly worse than for the other stations, exddavropigi, whose P\, results are not good at all (but the PMesults are

better).

Finally, there is the group of stations 9-11 (PedraKoilada, Kato Komi) which lie south of the irsitialized area. Actually,

Koilada lies mostly to the east, and has good t&swith a very slight overestimation of RMThe results for the other two
stations are not as good, with strong underestimatf PM concentrations (FB of 0.65-0.80), althoube values of the

correlation coefficient appear to be acceptable.

DISCUSSION AND CONCLUSIONS

An important observation is that the model resates systematically better for Rythan PM s It has been observed that
(results not shown here), with the given emissioentory, the CMAQ model predicts that in the wity of the lignite
mines most of the Pl come from the mines themselves. This is due tditie PM,, emissions from the mines (as assumed
by the emissions inventory), and also due to thetfeat the plant stacks emit at a distance froengtound (100-200 m) and
so their emissions disperse before reaching thengkoSince many of the stations are located neaesnithis may partially
explain why the results for Pjjlare better. However, this does not fully expldie tesults because the RMesults are
better in almost all cases, even for stations whiehfar from the mines. A likely explanation istfsMOKE/CMAQ cannot
accurately simulate the mechanisms associatedRat}x. This is supported by studies like Bessagnet, 2004 and Zhang
et al, 2006 where evaluation is performed also for ifttlial PM, s components, and appears to be true also for atbdels
besides CMAQ.

Another general observation is the underestimaifgrarticulate matter at almost all stations. Tikia general trend noted in
the literature, see e.g. the aforementioned stumi€san Joset al, 2008 for another example. The underpredictiovely
strong at stations which are away from the cora afd@ndustrial activity, like stations 1, 2, 9 ahdl. This is due to the fact
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that the simulations take place only on a limitedhdin without proper account of sources outsidedthraain. However, the
results for the rest of the stations are acceptatitéch shows that MM5/CMAQ can be a valuable toetrein limited
domains, if they contain strong sources. It mushotd that, like in most similar studies, resusieehparticles and wind
blown dusts are not included in the model, exceptte lignite mines.

Finally, we must comment on the variation of mogsiults with time elapsed since the start of eacbchst. Table 1 shows
that unlike what would be expected, the statisticalrics do not show a systematic degradationefjtrality of the forecasts
as time elapses. Sometimes the metrics of latigs dee better than those of former days, and iegéthe differences are
relatively small. This is shown also in Figure 3iefe the three model time series are plotted agaliservations for PAj at
station 6, for which the metrics are amongst thet.bEherefore it appears that the GFS initial /rdstary conditions are not a
crucial factor in determining the quality of therdoast, and other factors such as the emissioretiosy are far more
important.
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Figure 3. Time series of daily average fgbncentrations at PPC village (station 6) forwtm®le four-month period — observations (black
line) and predictions (coloured lines).
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