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1.  Introduction
Numerical weather prediction (NWP) models are one of the factors contributing to the complex process of providing an accurate weather forecast. Several global NWP models forecast weather over the whole Earth for seven or more days in advance. These large scale global models do not provide high-resolution details that can be important for the weather we feel in a particular point. Therefore, global model data needs to be refined for regional and local interpretation. These details are often provided by limited area models (LAMs) that cover a particular area of interest as will be exemplified later in this deliverable. The Croatian Meteorological and Hydrological Service (DHMZ) uses ALADIN (Aire Limitée Adaptation Dynamique développement InterNational, ALADIN International Team, 1997) limited area model for the operational numerical weather forecast. ALADIN is the largest LAM consortium in Europe, currently used in 13 European and 3 North-african countries (Fig. 1.1). Other limited area models most frequently used in Europe are High Resolution Limited Area Model (HIRLAM) and The Consortium for Small Scale Modelling (COSMO).

Measurements of the downward incident short wave radiation are performed on a small number of stations (6 to 7 in Croatia) and not reported in the standard SYNOP reports. One of the stations with the longest record of in-situ measurements of short wave radiation is the Zagreb Maksimir station. Since data sets of similar length are not available for most of the locations in Croatia, it would be informative to compare alternative sources of data describing incoming short wave radiation to the in-situ measurements in Zagreb.

This deliverable describes the operational NWP aspects in DHMZ, provides an insight into high impact weather phenomena that are typical for this region and presents some operational verification statistics. The deliverable is structured as follows. Chapter 2 provides a general overview of NWP in DHMZ, Chapter 3 presents technical aspects of the operational LAM in DHMZ, Chapter 4 presents a detailed examples of the NWP regarding the severe weather with applications to RES, Chapter 5 presents the operational verification scores while Chapter 7 concludes the deliverable.
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Figure 1.1: Location of Zagreb Maksimir station.
2.  Estimating incident short-wave radiation using different data sets
Incoming downward short wave radiation is the most important factor that determines the amount of electricity produced by solar photovoltaic cells. Downward incident short-wave radiation is seldom measured on the spot. Investors would like to know how much time it takes to return the money invested in the photovoltaic plant. The values of incoming solar radiation vary from one year to the next and estimates depend on the data and methods used in computation. In this chapter, the climatology of the diurnal cycle of incident shortwave radiation during the year is analyzed using different data sets available for Zagreb, including satellite data estimates, in-situ measurements and operational meteorological model data. Various sources of data cover different periods in time (see Table 1 for details).

Measured data can be highly accurate at a discrete point in space and time, but it is ambiguous how far from the point of measurement are these data relevant. On the other hand, measured data suffer from instrument failures, measurement drift and interruptions in communication. Other flaws that affect measured data are imperfect algorithms used to derive meteorological quantities from measured signals.

Meteorological model data can suffer biases in atmospheric models and imperfect algorythms tuned to produce optimal forecasts of atmospheric variables and not necessarily the fluxes that govern the changes in those meteorological quantities. 

The operational model ALADIN used in CMHS provides forecasts of accumulated downward solar (short-wave) radiation at surface in J/m2. The output fields are operationally stored with 3 hourly interval for 8 km resolution model run up to 72 hour forecast and with 1 hour interval for 2 km model run up to 24 hour forecast.  The quality of the forecast short-wave radiation has not been thoroughly validated before. But other measured atmospheric parameters that are strongly affected by the shortwave radiation, such as the 2 meter temperature are regularly validated. Operational forecast archive files for 8 km resolution are available since 1st August 2005. The model is run twice a day starting from 00 and 12 UTC analyses. 

Until 9th June 2006, the 8 km operational forecast was run up to 54 hours and later up to 72 hours in advance. The 2 km resolution run became operational on 1st July 2011 and it is run up to 24 hours in advance starting from 6 hour forecast of the 8 km resolution 00 UTC run. The incident solar radiation data are stored as accumulated fluxes in J/m2 with 1 hour interval. The archived shortwave radiation data have been recomputed in order to represent the average incident radiation in the previous 3 (for 8 km resolution) or 1 (for 2 km resolution) hours in W/m2 in order to compare it to other radiation data available.

On Zagreb Maksimir meteorological station (coordinates LAT=45.822, LON=16.034, altitude 128 meters above sea level), there is an instrument measuring global incident short wave radiation with 10 minute interval in J/cm2. The data for this study are available for the period since 1st July 2005. These data are measured in-situ and prone to instrument error as well as other causes for uncertainties, such as light pollution from the city and other facilities nearby during the night.

Measurements represent 10 minute averages. The instantaneous short-wave fluxes measured on this station are computed from the 10 minute flux measured at the designated time and converted to W/m2. The 1 hour and 3 hour averaged fluxes are computed by summing and averaging the 10 minute data for the corresponding period and converted to W/m2.  

Another data set that utilizes satellite measurements has been used to provide alternative “measured” data for estimate of the incoming shortwave radiation and validation of forecast model data. The Global Land Data Assimilation System (GLDAS, Rodell et al. 2004) provides basic variables that describe the land surface state and fluxes, enabled by the Land Information System (LIS, Kumar et al., 2006). GLDAS drives a number of land surface models (LSMs): Mosaic (Koster and Suarez 1996), Noah (Chen et al. 1996; Koren et al. 1999), Noah V2 (Betts et al. 1997; Ek et al. 2003, http://www.emc.ncep.noaa.gov/ mmb/gcp/noahlsm/Noah_LSM_USERGUIDE_2.7.1.htm), the Community Land Model (CLM, Dai et al. 2003, http://www.cgd.ucar.edu/tss/clm/), and the Variable Infiltration Capacity (VIC, Liang et al. 1994, http://www.hydro.washington.edu/Lettenmaier/Models/VIC/VIChome.html) model. Please consult the Land Data Assimilation Systems (LDAS, http://ldas.gsfc.nasa.gov/) and Land Information System (LIS, http://lis.gsfc.nasa.gov/) websites for more information. 

These land surface models are not coupled to the atmosphere and integrate a huge quantity of satellite and ground based observation data. These input data include incident short wave radiation at surface provided with 1° resolution on the Giovanni web interface (http://disc.sci.gsfc.nasa.gov/giovanni/ overview/index.html). For the analysis presented here the data for lon=16E and lat=46N have been downloaded as the model grid point closest to the coordinates of Zagreb Maksimir.

Table 1. Measured data estimates for incident short-wave radiation.
	Abbrev
	description
	frequency
	period
	model
	references

	NE1
	Princeton University meterological forcing data
	3 hours, past 3 hr average
	1st Dec 1999 - 31st Aug 2008
	Noah
	Betts et al. 1997; Ek et al. 2003

	NSU
	Satellite data estimate
	3 hours, instantaneous
	1st Dec 1999 - 30th Sep 2012  
	Noah
	Chen et al. 1996; Koren et al. 1999

	VIC
	Satellite data estimate
	3 hours, instantaneous
	1st Dec 1999 - 30th Sep 2012  
	VIC
	Liang et al. 1994

	CLM
	Satellite data estimate
	3 hours, instantaneous
	1st Dec 1999 - 30th Sep 2012 
	CLM
	Dai et al. 2003

	MOS
	Satellite data estimate
	3 hours, instantaneous
	1st Dec 1999 - 30th Sep 2012
	Mosaic
	Koster and Suarez 1996

	auto
	In-situ meas-urements
	10-minute, accumulated
	1st Jul 2005 onwards
	
	none


NSU, VIC, MOS and CLM downward incident short wave radiation is based on several data sets: until year 2000 the fields are from NOAA/GDAS atmospheric analysis fields (Derber et al., 1991) and since year 2001 until present the data comprise a combination of NOAA/GDAS atmospheric analysis fields, spatially and temporally disaggregated NOAA Climate Prediction Center Merged Analysis of Precipitation (CMAP) fields, and observation-based downward shortwave radiation fields derived using the method of the Air Force Weather Agency's AGRicultural METeorological modeling system (AGRMET). The incident short wave radiation is provided as instantaneous field in W/m2 with 3 hour interval. The data used in MOS, CLM and NSU are mostly identical for the chosen model point (lon=16E and lat=46N). The instantaneous data have been also precomputed to represent an average from the previous 3 hours when needed. The computations were done as simple linear interpolation using the formula is Fa_2=(Fi_1+Fi_2)/2. As the Sun moves along the sky following a parabola, this simple formula introduces an error that varies during the day and during the year as the parameters of the parabola change every day. 

NE1 data set uses incoming downward short wave radiation as forcing from the global meteorological forcing data set from Princeton University (Sheffield et al., 2006). The land surface parameters prior to October 2012 are based on AVHRR data and later on MODIS data. The incident short wave radiation is provided as an average of the previous 3 hours field in W/m2 with 3 hour interval.
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Figure 2.1: Average 3 hourly incident short-wave radiation (W/m2) as measured on automatic station in Zagreb Maksimir (zga) and from land surface models input for Zagreb area.
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Figure 2.2: Instantaneous 3 hourly incident short-wave radiation (W/m2) as measured on automatic station in Zagreb Maksimir and from model input for Zagreb area.
Figure 2.1 shows the diurnal cycle of average 3 hourly incident short wave radiation (x axis represents hours in the day) for each month in the year (each month is shown in different panel) as computed for the period mentioned in Table 1. The figure shows median (black horizontal bar), 25% and 75% quartiles limit the thick box and minimum and maximum limit the vertical line for the average 3 hourly incident short wave radiation (W/m2) measured on automatic station, as provided in NE1 data set and as computed from NSU and VIC data sets. Figure 2.2 shows the same parameters for instantaneous incident short-wave radiation. 

Comparison of diurnal cycle of short wave radiation for different months in the year (Figure 2.1) shows that NE1 data has loo low variability (difference between Q75% and Q25%) and depends more on astronomical conditions (time of day and day of year) and too little on meteorological conditions (eg. Cloudiness). 

NSU and VIC data sets are more dependent on atmospheric conditions and show more variability, but still less than the in-situ measurements at Zagreb-Maksimir site. 

The GLDAS data sets overestimate the amount of short wave radiation in the morning (9 UTC) during winter months (Nov-Mar). Measured in-situ values are much lower and more variable. This could be a consequence of inadequate treatment of fog and low stratus that often affect the weather in the area. 

On the other hand, the short wave radiation is underestimated at 12 UTC in the GLDAS data sets during the warm part of the year (Apr-Oct). The local noon is slightly before 11 UTC so the maximum in 3 hourly averaged short wave radiation happens at 12 UTC, but the instantaneous short wave radiation is similar for 9 and 12 UTC.

In-situ measurements show larger variability (q75%-q25% difference) than other data sets, especially in summer months and in the afternoon. This is a consequence of shallow convection that affects variability of the in-situ measurements much more than 1° resolution data from GLDAS since shallow convection is sub-grid at that resolution. 

Table 2.2 NE1 data average, standard deviation, minimum, maximum, median, 25% and 75% quartiles.
	Hour
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	0
	0
	0
	0
	0
	0
	0

	3
	0
	0
	0
	0
	0
	0
	0

	6
	31.361
	49.964
	0
	0
	5.272
	25.955
	174.591

	9
	240.535
	126.788
	38.434
	125.728
	220.579
	344.32
	578.02

	12
	427.746
	185.051
	74.675
	251.563
	439.546
	586.608
	845.924

	15
	339.759
	173.409
	43.968
	167.949
	352.018
	490.409
	733.678

	18
	117.962
	91.028
	0
	28.429
	113.023
	198.868
	342.622

	21
	4.199
	8.549
	0
	0
	0
	0
	35.608


Table 2.3 NSU instantaneous fluxes data.
	Hour
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	0
	0
	0
	0
	0
	0
	0

	3
	0
	0
	0
	0
	0
	0
	0

	6
	123.653
	135.078
	0
	0.000
	81.778
	205.409
	458.905

	9
	435.711
	240.497
	0
	226.956
	389.220
	650.194
	898.619

	12
	468.121
	241.083
	0
	258.876
	435.633
	672.911
	949.808

	15
	232.497
	186.794
	0
	57.201
	199.259
	376.235
	659.701

	18
	14.251
	33.230
	0
	0.000
	0.000
	9.350
	200.786

	21
	0
	0
	0
	0
	0
	0
	0


Table 2.4 NSU recomputed 3 hourly average fluxes data average, standard deviation, minimum, maximum, median, 25% and 75% quartiles.
	Hour
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	0
	0
	0
	0
	0
	0
	0

	3
	0
	0
	0
	0
	0
	0
	0

	6
	61.827
	67.539
	0
	0.000
	40.889
	102.704
	229.453

	9
	279.682
	179.260
	0
	118.012
	249.035
	418.956
	678.762

	12
	451.916
	236.430
	0
	242.106
	417.203
	655.640
	923.493

	15
	350.309
	206.706
	0
	160.737
	322.820
	524.154
	782.596

	18
	123.374
	104.569
	0
	28.636
	100.747
	195.114
	429.710

	21
	7.126
	16.615
	0
	0.000
	0.000
	4.675
	100.393


Table 2.5 VIC instantaneous fluxes data average, standard deviation, minimum, maximum, median, 25% and 75% quartiles.
	Hour
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	0
	0
	0
	0
	0
	0
	0

	3
	0
	0
	0
	0
	0
	0
	0

	6
	122.619
	135.349
	0
	0
	79.162
	195.948
	459.023

	9
	441.005
	245.087
	7.930
	227.389
	396.119
	663.661
	898.617

	12
	465.988
	243.631
	9.098
	251.864
	433.792
	673.314
	948.383

	15
	234.712
	188.892
	-17.813
	55.197
	201.162
	389.107
	652.428

	18
	14.534
	33.977
	0.000
	0.000
	0.000
	8.622
	193.336

	21
	0
	0
	0
	0
	0
	0
	0


Table 2.6 VIC recomputed 3 hourly average fluxes data average, standard deviation, minimum, maximum, median, 25% and 75% quartiles.
	Hour
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	0
	0
	0
	0
	0
	0
	0

	3
	0
	0
	0
	0
	0
	0
	0

	6
	61.310
	67.674
	0.000
	0.000
	39.581
	97.974
	229.512

	9
	281.812
	181.251
	3.965
	118.701
	248.920
	422.633
	678.759

	12
	453.497
	240.073
	8.514
	239.812
	421.460
	662.006
	923.500

	15
	350.350
	209.089
	5.002
	157.044
	322.027
	529.336
	778.509

	18
	124.623
	105.801
	-8.907
	27.795
	101.358
	201.857
	422.406

	21
	7.267
	16.988
	0.000
	0.000
	0.000
	4.311
	96.668


Table 2.7 Three hourly average measured short-wave radiation flux at the automatic station Zagreb Maksimir: fluxes data average, standard deviation, minimum, maximum, median, 25% and 75% quartiles.
	Hour
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	0.160
	0.518
	0
	0.000
	0.000
	0.093
	16.296

	3
	0.445
	2.427
	0
	0.000
	0.000
	0.278
	114.630

	6
	38.077
	49.984
	0
	0.278
	10.370
	63.796
	258.519

	9
	263.327
	211.529
	0
	64.907
	207.963
	469.722
	669.630

	12
	446.839
	284.052
	0
	178.889
	432.870
	717.685
	950.463

	15
	326.635
	232.106
	0
	116.296
	292.315
	531.759
	793.333

	18
	79.729
	90.758
	0
	2.778
	39.259
	143.056
	323.981

	21
	1.101
	7.140
	0
	0.000
	0.185
	0.741
	281.296


Table 2.8 Instantaneous measured short-wave radiation flux at the automatic station Zagreb Maksimir.
	Hour
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	0.422
	1.381
	0
	0
	0
	0
	13.333

	3
	0.640
	7.514
	0
	0
	0
	0
	280.000

	6
	116.820
	132.859
	0
	0
	55.000
	218.333
	626.667

	9
	404.787
	278.156
	0
	135.000
	361.667
	681.667
	1026.667

	12
	455.039
	295.780
	0
	177.083
	418.333
	736.250
	1168.333

	15
	205.039
	191.887
	0
	31.667
	148.333
	364.583
	690.000

	18
	8.794
	19.803
	0
	0
	0
	5
	330.000

	21
	0.481
	4.778
	0
	0
	0
	0
	233.333


The average short wave radiation accumulated in the morning (6 and 9 UTC) and noon (12 UTC) is underestimated by NE1 and overestimated by NSU and VIC when compared to in-situ measurements by more than 20 W/m2. But all three data sets from GLDAS overestimate the short wave radiation in the afternoon.  The short wave radiation measurements at the station could be too high in the evening due to lights on the tennis terrains in the neighborhood. 

[image: image5.png](@] (@]
(=] (@] (@] (@] (@] (=] (@] (@] (@] (@]
o (=] (=] o o o (=] (=] o o
— <o) © < N o — (<] © < N o
T T T T T T T T T TS
000T |- w =11000T
o = ° O
008 2 [ o ol 2 - 008
> SENB a8 %0 L0 7, %, =
o~ y 2 % : B
009 - . ¥ = 009
z & o a

oo T LS - ooy

00T - :
oIA

000T

°

008
009

NE1-CLM

oov -

00¢ -

000T ]
=

@ A
008 . AN
N 0L 8w | Lo
o} o %8 ©
009 o ° $0.° 0 vor
z s R
° o9, 88550 o
oor - s 4
° P
002 - o,
4
ebz o )
0
000T > Q
@ ° © o V
008 +&° oo
N © B oo &
) T oo
ooo \w ow Aw.oooo 2 .o.
SBE, AT
o oge $haSp g it
oor - S wRACE s
E ;

00z - R 3
0 ebz o T m
£
000T > ]
0 O] c
© s S
008 - S8, =
. @s e Lo | g
009 -3 ¢ S sy 0] 8
O ‘o% o
° ©%q0y." "o . >
oov - 4 el 8
e o
. 3E =
00z + e S
6 o B s [
0 ebz / 2
= @
000T ul S
=2
® o =
008 -3 % Due e o
N & & 800 . @ 00 & y|V|J
- % YY) wa«%o $°08 . =)
009 W - s Rph % o d4 9
z 3 O
oov - o@o%.ao%m% g ° 5 =
8°p o3 B i o
0 3 g
00Z s a
o [
0 ,«me I I I | e =
o o o o o o
o o (@) (@) o
m © © < N



Figure 2.3: Scatter plots of measured average (top row) and instantaneous (bottom row) 3 hourly incident short-wave radiation (W/m2) for the period from 1st August 2005 until 30th September 2012. The color scale represents hours in the day.
Table 2.9 Correlation coefficients with the 3 hourly averaged in-situ measurements at the automatic station Zagreb Maksimir.
	Average 3h
	06
	09
	12
	15
	18
	21

	NE1
	0.78
	0.77
	0.71
	0.74
	0.83
	0.75

	NSU
	0.84
	0.92
	0.90
	0.91
	0.91
	0.10

	VIC
	0.82
	0.92
	0.90
	0.91
	0.90
	0.10


Table 2.9 Correlation coefficients with the instantaneous in-situ measurements at the automatic station Zagreb Maksimir.
	Instantaneous
	06
	09
	12
	15
	18
	21

	NSU
	0.83
	0.87
	0.83
	0.88
	0.66
	

	VIC
	0.81
	0.87
	0.84
	0.87
	0.65
	


The 3 hourly averaged values of NE1, and recomputed NSU and VIC data correlate better to the in-situ data from the automatic station with rather low correlation coefficients for NE1 and higher coefficients for recomputed NSU and VIC. The instantaneous fluxes of NSU and VIC data sets have lower correlation coefficients with the instantaneous in-situ data since in-situ data are more variable and strongly affected by local small scale convective clouds.  NSU and VIC have higher averages of instantaneous short wave radiation than the in-situ data at all hours in the day. During morning this could be due to fog and low stratus during autumn and winter. Too much shortwave radiation in the afternoon could be due to shallow convection that develops in the afternoon during spring and summer. However, one should keep in mind that Zagreb Maksimir station is in an urban area, affected by local pollution and dust emitted from local sources. 

These results show that NSU and VIC data sets can be used to estimate short wave radiation in areas where in-situ data are not available, at least in inland Croatia. These data have a rather low resolution (1°) and local short wave radiation climatology could be different than suggested by these data sets. 

2.2 Estimating incident short wave radiation from 8 km resolution ALADIN model operational forecast data
Expected incident shortwave radiation at a certain location can be estimated from a meteorological model data. The ALADIN operational model data are stored covering a period since 1st August 2005. These data are not homogeneous. The model set-up and version changed few times during the period since the data are archived. So did the forecast range. Different model set-ups and their effect on forecast of fog and low stratus are described in Tudor (2010). Until 23rd February 2008, a set up with XuRandall cloudiness, improved critical moisture profile and random overlap assumptions but without prognostic microphysics and TKE was the model version stored in the archive. After that date, the files were stored from the run with the prognostic microphysics and TKE. The radiation scheme remained the one of Ritter and Geleyn (1992) based on Geleyn and Hollingsworth (1979). 

In this chapter, short wave radiation data from the model forecast are analyzed. Files from the operational archive contain accumulated fluxes of incident solar radiation in J/m2. The fields are stored wit h a 3 hour interval. The radiation fluxes have been recomputed in order to represent average incident solar radiation from the previous 3 hours in W/m2. Since the forecast is run up to 72 hours in advance starting twice a day, from 00 and 12 UTC analyses, each 3 hour period is covered by 6 forecasts. The forecast incident short wave radiation estimates have been sorted in 6 data sets, one represents the data from the most recent forecast, the second from the 12 to 24 hour forecast and so on until the 6th data set that contains the incident short wave radiation data from forecasts from 60 to 72 hours forecast range. Analysis of each data set separately could reveal possible drift in the model forecast (more or less clouds with longer forecast range). 

Table 1. Model data estimates for incident short-wave radiation.
	Abbrev
	description
	frequency
	period
	model
	references

	hr88
	8 km resolution
	3 hours, accumulated
	1st Aug 2005 to 9th June 2006 up to 54 hour forecast

9th June 2006 onwards 

up to 72 hour forecast
	ALADIN hydro
	Ivatek-Šahdan and Tudor 2004, Tudor 2010

	hr22
	2 km resolution
	1 hour, accumulated
	1st Jul 2011 onwards
	ALADIN NH
	Tudor and Ivatek-Šahdan 2010


[image: image6.png]1000

800

600

400

200

1000

800

600

400

200

10 15 20 O

5

10 15 20 O

5

10 15 20 O

5

10 15 20 O

5

10 15 20 O

10 15 20

hr88 - average

i T

03-12 =
15-24 =
27-36 =
39-48 W
51-60 =
63-72 W

Feb

e

Mar

3 hourly incident short wave radiation W/m2

May‘

Jun'

Jul

0 5

10 15 20 O

5

|

10 15 20 O

Sep

i
!

10 15 20 O

A
|

10 15 20 O

Nov

5

10 15 20 O

Dec

5

10 15 20

1000

800

600

400

200

1000

800

600

400

200



Figure 2.4: Average 3 hourly incident short-wave radiation (W/m2) as computed from the operational forecast model ALADIN in 8 km resolution for Zagreb area and period from 1st August 2005 until 30th November 2012.
Table 2.9 Three hourly average short-wave radiation flux taken from forecasts of various forecast ranges (first column): fluxes data average, standard deviation, minimum, maximum, median, 25% and 75% quartiles. 
	Forecast range
	Hour
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	00 - 12
	0
	0
	0
	0
	0
	0
	0
	0

	
	3
	0
	0
	0
	0
	0
	0
	0

	
	6
	35.305
	45.701
	0.000
	0.000
	11.659
	59.347
	161.550

	
	9
	263.477
	206.915
	2.607
	77.069
	202.672
	439.363
	697.726

	
	12
	454.174
	283.873
	0.000
	206.564
	411.502
	699.354
	1007.353

	
	15
	358.602
	229.921
	7.933
	150.589
	324.149
	554.972
	830.931

	
	18
	83.675
	90.643
	0.004
	4.510
	45.195
	150.679
	308.543

	
	21
	0.743
	1.700
	-0.002
	0.000
	0.000
	0.109
	7.248

	15 - 24
	0
	0
	0
	0
	0
	0
	0
	0

	
	3
	0
	0
	0
	0
	0
	0
	0

	
	6
	36.031
	46.271
	-0.002
	0.000
	11.844
	60.244
	162.224

	
	9
	266.437
	206.761
	2.325
	77.851
	210.776
	446.148
	700.056

	
	12
	454.684
	281.837
	7.458
	205.881
	418.949
	704.020
	1002.408

	
	15
	336.827
	232.323
	5.250
	132.228
	292.926
	541.979
	831.505

	
	18
	80.864
	89.983
	0.004
	4.220
	40.027
	141.239
	309.817

	
	21
	0.738
	1.700
	-0.003
	0.000
	0.000
	0.103
	7.235

	27 - 36
	0
	0
	0
	0
	0
	0
	0
	0

	
	3
	0.000
	0.000
	-0.002
	0.000
	0.000
	0.000
	0.004

	
	6
	35.717
	46.084
	-0.002
	0.001
	12.201
	59.661
	163.095

	
	9
	263.671
	206.904
	2.314
	75.237
	205.804
	443.934
	696.361

	
	12
	452.162
	282.703
	7.669
	204.954
	412.682
	706.963
	1004.701

	
	15
	336.206
	230.647
	5.373
	129.717
	294.512
	535.302
	832.660

	
	18
	81.596
	90.054
	0.003
	4.116
	40.537
	146.088
	309.757

	
	21
	0.750
	1.711
	-0.005
	0.000
	0.000
	0.102
	7.262

	39 - 48
	0
	0
	0
	0
	0
	0
	0
	0

	
	3
	0.000
	0
	0
	0
	0
	0
	0

	
	6
	35.920
	46.402
	-0.003
	0.001
	11.682
	59.928
	162.924

	
	9
	264.416
	208.270
	2.143
	74.899
	206.960
	441.682
	693.133

	
	12
	455.787
	283.253
	6.111
	208.839
	419.473
	708.631
	1000.840

	
	15
	336.392
	233.194
	4.053
	130.020
	289.281
	541.207
	1024.881

	
	18
	81.437
	90.071
	0.003
	4.096
	40.355
	146.582
	307.318

	
	21
	0.751
	1.714
	-0.010
	0.000
	0.000
	0.111
	7.364

	51 - 60
	0
	0
	0
	0
	0
	0
	0
	0

	
	3
	0.000
	0.000
	-0.004
	0.000
	0.000
	0.000
	0.006

	
	6
	37.033
	47.202
	-0.005
	0.002
	12.380
	64.758
	163.054

	
	9
	263.917
	210.286
	1.702
	70.812
	204.707
	452.674
	691.164

	
	12
	450.791
	289.717
	6.758
	196.065
	410.944
	715.188
	1005.716

	
	15
	336.177
	236.246
	3.646
	124.238
	293.630
	544.140
	831.791

	
	18
	83.308
	91.700
	0.003
	3.921
	41.926
	150.981
	307.490

	
	21
	0.829
	1.807
	-0.009
	0.000
	0.000
	0.248
	7.260

	63 - 72
	0
	0
	0
	0
	0
	0
	0
	0

	
	3
	0
	0
	0
	0
	0
	0
	0

	
	6
	37.098
	47.311
	-0.004
	0.002
	12.063
	63.530
	161.578

	
	9
	264.259
	210.032
	2.281
	72.337
	206.618
	445.783
	689.431

	
	12
	451.365
	289.286
	7.690
	189.332
	418.213
	710.476
	1005.311

	
	15
	337.511
	237.402
	3.966
	123.838
	295.490
	550.552
	822.861

	
	18
	83.965
	92.465
	0.000
	3.914
	42.532
	155.069
	307.036

	
	21
	0.825
	1.804
	-0.006
	0.000
	0.000
	0.276
	7.266


Statistics for different forecast ranges is similar, giving similar values for yearly average incident short wave radiation as well as standard deviation, except the average and the median for 15 UTC from the shortest forecast range that is slightly higher than other. 
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Figure 2.5: Scatter plots of most recent model forecast 3 hourly average incident short-wave radiation (W/m2) and various sets of measured data (top row) and model forecast for various forecast ranges to measurements on automatic station in Zagreb Maksimir. The data are for the period from 1st August 2005 until 30th September 2012. The color scale represents hours in the day. CLM, VIC, NSU and zgi data are recomputed to represent 3 hourly average.
[image: image8.png]000T
008
009
oov
00c

000T
008
009
oov
00c

000T
008
009
oov
00c

000T
008
009
oov
00c

000T
008
009
oov
00c

000T
008
009
oov
00c

1000

800

600

400

200

°

Dec

884y

Nov

884y

autol

Oct

[ o m«ws o,
QA e
L © o SRR o
o e il
881y P SIS
[e]
B e
° 3
@
=
r©
|
8844 |

Measured 3 hourly incident short wave radiation W/m2 auto and hr88




Figure 2.6: Scatter plots of most recent model forecast 3 hourly average incident short-wave radiation (W/m2) and measurements on automatic station in Zagreb Maksimir for various months in a year. The data are for the period from 1st August 2005 until 30th September 2012. The color scale represents hours in the day. 

From March until October, data from the 8 km resolution forecast have slightly higher values than those measured on the automatic station since the points on the scatter plots (Figure 2.6) aggregate above y=x line. 

2.2 Estimating hourly incident short wave radiation from 2 km resolution ALADIN model operational forecast data and automatic station data
Since 1st July 2011, a high resolution operational forecast using non-hydrostatic set-up of ALADIN model has been established. The forecast is run up to 24 hours in advance and the output fields are stored with 1 hour interval. This allows computation of average short wave radiation for each hour, but each hour is covered by only one forecast. 
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Figure 2.7: Hourly incident short-wave radiation (W/m2) as computed from the operational forecast model ALADIN in 2 km resolution (red) for Zagreb area for the period from 1st July 2011 until 9th January 2013 and measured on automatic station (green) for the period 1st July 2005 to 9th January 2013.
Figure 2.7 shows hourly incident short wave radiation statistics computed from the available 2 km resolution forecast runs that is operational only since 1st July 2011 in red and the same statistics computed from the measurements on the automatic station Zagreb Maksimir that are available for much longer period, starting from 1st July 2005. The same statistics, but with the measured data crunched to cover the same period as available 2 km model data is shown in Figure 2.8.

Incident short wave radiation from the model forecast has lower median but higher average values than the radiation measured on the automatic station during summer. During winter, too much short wave radiation reaches the ground in the model forecast since measured values are often lower than the forecast ones. Model produces too much cloudiness in April, June and July, but too little in November and December. However these conclusions are based on statistics for data that cover rather short period in time – one year and a half. 

Table 2.10: Hourly average short-wave radiation flux taken from forecasts in 2 km resolution: fluxes data average, standard deviation, minimum, maximum, median, 25% and 75% quartiles. 
	Hour
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19

	aver
	2.52
	23.31
	74.85
	173.15
	283.58
	383.36
	448.13
	473.64
	463.45
	418.58
	340.53
	241.02
	142.45
	67.38
	20.89
	2.07

	st dev
	5.88
	37.42
	90.97
	161.47
	214.82
	252.71
	274.41
	283.72
	279.90
	263.75
	234.29
	195.02
	145.86
	86.46
	34.62
	4.87

	min
	0.00
	0.00
	0.00
	0.28
	7.09
	16.59
	22.63
	21.57
	16.12
	11.25
	6.17
	2.17
	0.03
	0.00
	0.00
	0.00

	q25%
	0.00
	0.00
	0.00
	15.26
	73.97
	150.11
	208.43
	233.00
	229.16
	196.68
	135.75
	58.09
	7.16
	0.00
	0.00
	0.00

	med
	0.00
	0.12
	31.32
	134.07
	233.35
	335.41
	408.26
	422.80
	409.70
	366.41
	279.70
	194.03
	92.09
	21.16
	0.00
	0.00

	q75%
	0.52
	34.94
	135.65
	304.72
	475.15
	608.93
	690.96
	727.52
	701.21
	642.95
	536.85
	404.71
	253.18
	120.91
	30.72
	0.21

	max
	26.70
	141.05
	315.73
	509.65
	693.88
	848.79
	957.43
	1016.7
	1015.5
	947.43
	833.68
	675.10
	487.14
	293.80
	125.65
	20.77


Table 2.11: Hourly average short-wave radiation flux from in-situ measurements: fluxes data average, standard deviation, minimum, maximum, median, 25% and 75% quartiles. 
	Hour
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19

	aver
	3
	26.90
	80.68
	160.85
	259.94
	353.52
	421.35
	454.34
	447.61
	400.68
	328.16
	234.15
	142.63
	69.07
	20.60
	2

	st dev
	6
	43.50
	101.41
	165.00
	221.83
	258.61
	282.43
	293.73
	291.27
	274.24
	246.90
	210.38
	159.87
	95.39
	36.86
	5

	min
	0
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0

	q25%
	0
	1.11
	1.94
	8.13
	55.00
	124.03
	175.90
	200.42
	195.14
	170.69
	119.17
	47.85
	4.17
	2.01
	0.83
	0

	med
	2
	3.61
	30.14
	116.81
	220.83
	340.56
	427.92
	475.97
	468.33
	409.03
	319.58
	205.00
	103.19
	14.44
	3.89
	2

	q75%
	4
	37.71
	157.29
	319.65
	487.64
	621.04
	726.53
	749.65
	735.56
	674.24
	568.89
	436.60
	281.53
	141.32
	24.93
	4

	max
	40
	183.06
	335.00
	510.00
	696.11
	815.83
	920.28
	1017.8
	976.94
	950.56
	792.50
	682.22
	515.83
	327.78
	158.33
	38


Table 2.12: Hourly instantaneous short-wave radiation flux from in-situ measurements: fluxes data average, standard deviation, minimum, maximum, median, 25% and 75% quartiles. 
	Hour
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19

	aver
	50
	86.24
	152.07
	242.20
	339.94
	428.46
	482.78
	497.36
	469.51
	407.12
	319.89
	223.41
	137.10
	72.83
	37.32
	30

	st dev
	17
	65.97
	130.40
	194.17
	245.56
	277.87
	291.15
	308.43
	298.28
	274.64
	236.40
	194.85
	135.09
	69.96
	19.27
	2

	min
	0
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0

	q25%
	0
	0.00
	1.67
	23.33
	85.00
	145.42
	193.75
	190.42
	173.75
	145.42
	97.08
	16.67
	1.67
	0.00
	0.00
	0

	med
	2
	5.00
	55.83
	155.83
	270.00
	381.67
	427.50
	470.83
	426.67
	354.17
	244.17
	163.33
	48.33
	5.00
	1.67
	0

	q75%
	5
	71.25
	223.33
	387.92
	561.25
	686.25
	741.25
	784.58
	733.33
	645.83
	506.67
	361.25
	211.25
	71.25
	7.92
	2

	max
	93
	250.00
	481.67
	601.67
	1228.3
	933.33
	1090.0
	1133.3
	1096.7
	1038.3
	788.33
	670.00
	436.67
	266.67
	108.33
	15
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Figure 2.8: As figure 2.7, but both data sets are taken for the period from 1st July 2011 until 9th January 2013.
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Figure 2.9: Hourly incident short-wave radiation (W/m2) as computed from the operational forecast model ALADIN in 2 km resolution (hr22) for Zagreb area and measured on automatic station (auto) for the period from 1st July 2011 until 9th January 2013. The color scale represents hours in the day.
Table 2.13: Correlation coefficients, linear regression parameters and covariance for each month for 2 km forecast and automatic measurement data.
	Hour
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19

	Correlation 
	0.85
	0.92
	0.93
	0.93
	0.91
	0.89
	0.85
	0.84
	0.84
	0.84
	0.87
	0.89
	0.93
	0.93
	0.93
	0.73

	Lin reg slope
	0.82
	0.79
	0.83
	0.91
	0.89
	0.87
	0.83
	0.82
	0.81
	0.82
	0.83
	0.83
	0.85
	0.85
	0.88
	0.76

	Lin reg intercept
	-0.47
	1.49
	4.68
	19.13
	40.60
	54.04
	71.10
	74.72
	71.97
	68.58
	47.42
	32.95
	11.26
	5.27
	1.45
	-0.42

	Lin reg err
	3.13
	14.31
	34.46
	59.33
	89.37
	117.59
	144.80
	154.88
	153.92
	142.79
	115.39
	87.88
	54.38
	31.16
	12.61
	3.34

	Covariance 
	30.02
	1501.4
	8512.1
	24670
	43047
	57295
	65072
	68979
	67291
	60183
	49896
	36381
	21537
	7674.7
	1186.5
	16.50


3. Validation of short-wave radiation form the operational model forecast 
ALADIN 
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 Figure 3.1: The diurnal cycle of the error computed as the difference in 3 hourly average short wave radiation from the ALADIN model and measured on automatic station for various forecast periods (different colors) and months of the year (different panels).
Table 3.1: Radiation from most recent model forecast minus measured on the automatic station, averages from previous 3 hours, statistics.
	January
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.29
	1.18
	-16.30
	-0.19
	0.00
	0.00
	0.00

	3
	-0.57
	1.14
	-5.19
	-0.37
	-0.09
	0.00
	0.00

	6
	-0.81
	3.05
	-35.00
	-0.37
	-0.19
	0.00
	0.00

	9
	0.25
	28.75
	-189.54
	-15.57
	0.40
	17.48
	73.02

	12
	3.57
	76.23
	-216.36
	-46.72
	-1.54
	56.36
	195.75

	15
	19.76
	52.70
	-130.03
	-13.36
	11.90
	52.59
	176.45

	18
	0.89
	4.95
	-63.72
	-0.10
	0.80
	2.28
	9.01

	21
	-1.83
	19.09
	-281.30
	-0.28
	0.00
	0.00
	0.00

	February
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.22
	0.48
	-4.17
	-0.19
	0.00
	0.00
	0.00

	3
	-0.60
	1.09
	-4.72
	-0.37
	-0.19
	0.00
	0.00

	6
	-0.50
	1.02
	-6.85
	-0.47
	-0.09
	0.00
	0.76

	9
	-1.91
	47.77
	-126.16
	-29.11
	-7.08
	24.12
	169.87

	12
	-10.70
	121.62
	-379.87
	-76.79
	-12.21
	51.60
	312.16

	15
	18.14
	81.72
	-205.66
	-31.23
	7.98
	66.64
	281.59

	18
	2.53
	9.96
	-29.81
	-3.14
	3.02
	8.31
	34.17

	21
	-0.67
	1.28
	-6.67
	-0.46
	-0.19
	0.00
	0.00

	March
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.29
	0.61
	-3.70
	-0.28
	0.00
	0.00
	0.00

	3
	-0.87
	1.83
	-10.83
	-0.56
	-0.19
	0.00
	0.00

	6
	-0.16
	4.46
	-18.61
	-2.80
	0.12
	1.72
	17.10

	9
	-0.78
	71.53
	-243.22
	-35.25
	3.84
	34.42
	257.17

	12
	0.60
	135.09
	-558.06
	-81.09
	16.29
	74.51
	383.42

	15
	32.90
	100.80
	-234.52
	-30.49
	25.23
	91.32
	351.24

	18
	5.49
	19.33
	-46.13
	-7.35
	5.94
	15.10
	61.06

	21
	-0.92
	1.98
	-9.35
	-0.46
	-0.19
	0.00
	0.00

	April
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.08
	0.29
	-3.70
	-0.09
	0.00
	0.00
	0.00

	3
	-0.24
	0.87
	-9.72
	-0.19
	-0.09
	0.00
	0.00

	6
	-3.22
	14.65
	-50.99
	-10.29
	-2.83
	2.89
	44.04

	9
	-6.20
	98.56
	-367.94
	-64.20
	7.83
	43.07
	264.92

	12
	-32.31
	168.40
	-803.61
	-135.73
	-1.38
	71.95
	468.45

	15
	13.55
	109.10
	-351.08
	-48.93
	18.66
	78.14
	372.37

	18
	1.11
	33.90
	-108.22
	-19.14
	-0.07
	17.01
	112.35

	21
	-0.23
	0.95
	-9.07
	-0.19
	0.00
	0.00
	0.00

	May
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.04
	0.10
	-0.56
	0.00
	0.00
	0.00
	0.00

	3
	-0.10
	0.15
	-0.74
	-0.19
	0.00
	0.00
	0.00

	6
	-5.29
	30.70
	-134.36
	-18.30
	-5.86
	10.70
	100.43

	9
	-12.20
	119.47
	-435.24
	-63.38
	8.21
	47.90
	364.78

	12
	-2.40
	154.07
	-623.36
	-94.28
	11.91
	85.79
	489.08

	15
	32.52
	126.40
	-495.55
	-39.64
	40.53
	99.02
	432.36

	18
	5.69
	49.70
	-112.53
	-24.79
	-1.77
	37.32
	181.84

	21
	0.33
	0.79
	-2.75
	-0.05
	0.16
	0.64
	3.14

	June
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.04
	0.09
	-0.56
	0.00
	0.00
	0.00
	0.00

	3
	-0.08
	0.13
	-0.56
	-0.19
	0.00
	0.00
	0.00

	6
	-11.11
	33.22
	-118.31
	-34.63
	-8.25
	7.43
	82.26

	9
	-34.04
	127.66
	-476.02
	-104.54
	-15.68
	38.39
	435.44

	12
	-33.39
	166.32
	-570.56
	-130.96
	-4.13
	74.91
	347.25

	15
	10.67
	144.53
	-460.23
	-66.54
	25.69
	87.59
	398.14

	18
	0.76
	58.62
	-207.50
	-31.63
	0.93
	37.62
	220.31

	21
	0.97
	2.06
	-7.23
	0.01
	0.86
	2.12
	6.84

	July
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.12
	0.27
	-1.39
	-0.09
	0.00
	0.00
	0.00

	3
	-0.27
	0.59
	-3.33
	-0.28
	0.00
	0.00
	0.00

	6
	-7.85
	26.59
	-119.39
	-17.73
	-5.05
	4.20
	79.01

	9
	-16.98
	111.49
	-389.26
	-64.44
	21.96
	44.31
	308.73

	12
	-1.30
	162.64
	-542.46
	-82.66
	34.32
	86.74
	720.79

	15
	35.87
	123.34
	-341.64
	-19.67
	37.38
	72.35
	619.50

	18
	10.79
	56.45
	-146.44
	-19.56
	2.86
	29.63
	175.71

	21
	1.13
	1.90
	-8.45
	0.26
	1.16
	2.41
	6.27

	August
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.12
	0.33
	-2.04
	0.00
	0.00
	0.00
	0.00

	3
	-0.27
	0.76
	-5.00
	-0.19
	0.00
	0.00
	0.00

	6
	-2.60
	19.66
	-72.08
	-12.73
	-3.82
	4.91
	59.07

	9
	-1.08
	110.03
	-317.45
	-50.89
	16.51
	45.15
	349.45

	12
	8.78
	167.06
	-611.47
	-60.68
	43.32
	84.91
	521.39

	15
	54.69
	123.28
	-395.12
	-5.92
	47.21
	101.80
	414.65

	18
	11.44
	43.53
	-116.21
	-8.80
	4.75
	29.14
	166.04

	21
	-1.14
	14.14
	-222.31
	-0.19
	0.00
	0.08
	1.32

	September
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.19
	0.60
	-7.78
	-0.19
	0.00
	0.00
	0.00

	3
	-0.39
	0.82
	-4.54
	-0.28
	0.00
	0.00
	0.00

	6
	-0.29
	8.46
	-29.96
	-4.84
	-1.16
	4.11
	26.63

	9
	-0.81
	82.43
	-286.64
	-38.37
	1.96
	38.31
	313.09

	12
	-3.90
	141.71
	-481.97
	-74.01
	12.74
	56.34
	709.38

	15
	35.77
	102.53
	-328.69
	-4.63
	26.20
	77.54
	514.23

	18
	7.10
	20.21
	-44.72
	-3.06
	4.76
	15.14
	105.92

	21
	-0.41
	0.94
	-5.19
	-0.28
	0.00
	0.00
	0.00

	October
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.14
	0.35
	-2.41
	-0.19
	0.00
	0.00
	0.00

	3
	-0.48
	1.00
	-6.02
	-0.37
	-0.09
	0.00
	0.00

	6
	0.50
	3.20
	-11.94
	-1.05
	0.14
	1.55
	12.10

	9
	12.40
	70.41
	-147.77
	-27.38
	-0.50
	44.48
	251.83

	12
	26.21
	114.73
	-305.95
	-38.16
	15.28
	62.82
	443.52

	15
	38.29
	72.75
	-169.68
	-10.00
	22.60
	75.88
	250.51

	18
	3.21
	6.32
	-24.30
	0.00
	2.94
	5.21
	32.84

	21
	-0.54
	1.16
	-7.78
	-0.28
	-0.09
	0.00
	0.00

	November
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	0
	-0.19
	0.42
	-2.41
	-0.19
	0.00
	0.00
	0.00

	3
	-0.51
	1.02
	-4.91
	-0.35
	-0.19
	0.00
	0.00

	6
	-0.41
	1.01
	-5.56
	-0.28
	-0.09
	0.00
	1.33

	9
	12.47
	48.81
	-113.21
	-24.48
	5.59
	48.68
	137.77

	12
	35.73
	111.47
	-185.87
	-35.49
	15.01
	114.86
	309.15

	15
	28.75
	53.04
	-112.62
	-8.93
	19.37
	60.72
	188.78

	18
	0.25
	1.51
	-5.46
	-0.11
	0.25
	0.98
	4.73

	21
	-0.55
	1.15
	-5.28
	-0.37
	0.00
	0.00
	0.00

	December
	average
	st dev
	min
	quart 25%
	median
	quart 75%
	max

	3
	-0.53
	1.00
	-4.91
	-0.37
	-0.19
	0.00
	0.00

	6
	-0.50
	0.97
	-4.35
	-0.37
	-0.09
	0.00
	0.00

	9
	5.09
	27.59
	-53.00
	-12.92
	2.79
	25.19
	71.75

	12
	7.27
	80.27
	-196.71
	-38.84
	-2.22
	66.43
	191.86

	15
	16.03
	39.78
	-78.71
	-9.36
	15.11
	44.97
	117.66

	18
	-0.44
	1.13
	-5.23
	-0.27
	0.01
	0.09
	0.70

	21
	-0.48
	1.04
	-5.46
	-0.28
	-0.09
	0.00
	0.00
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 Figure 3.2: The diurnal cycle of the error computed as the difference in 3 hourly average short wave radiation from the ALADIN model (3-12 hour forecast) and measured on automatic station for various forecast measured data (different colors) and months of the year (different panels).
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 Figure 3.3: The diurnal cycle of the error computed as the difference in 3 hourly average short wave radiation from the ALADIN model (3-12 hour forecast) and measured on automatic station for various forecast measured data (different colors) and months of the year (different panels).
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 Figure 3.4: The diurnal cycle of the error computed as the difference in hourly average short wave radiation from the ALADIN model 2 km resolution and measured on automatic station. Different months of the year are shown in different panels. The error is computed for the period 1st Jul 2011 to 9th Jan 2013.
4. Monthly variations in the measured data correlation
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Figure 4.1: Scatter plots of measured average (top row) and instantaneous (bottom row) 3 hourly incident short-wave radiation (W/m2) for January in the period from 1st August 2005 until 30th September 2012. The color scale represents hours in the day.
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Figure 4.2: As Figure 4.1 but for February.
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Figure 4.3: As Figure 4.1 but for March.
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Figure 4.4: As Figure 4.1 but for April.
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Figure 4.5: As Figure 4.1 but for May.
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Figure 4.6: As Figure 4.1 but for June.
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Figure 4.7: As Figure 4.1 but for July.
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Figure 4.8: As Figure 4.1 but for August.
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Figure 4.9: As Figure 4.1 but for September.
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Figure 4.10: As Figure 4.1 but for October.
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Figure 4.11: As Figure 4.1 but for November.
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Figure 4.12: As Figure 4.1 but for December.
4.2 Monthly variations in the correlation of measured and forecast short wave radiation
The ....

Table 4.1: Correlation coefficients, linear regression parameters and covariance for each month for 8 km forecast and automatic measurement data.
	January
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	0.02
	0.00
	0.00
	0.00
	0.00

	9
	0.64
	0.48
	26.68
	21.17
	655.35

	12
	0.73
	0.68
	62.11
	68.15
	7885.15

	15
	0.72
	0.63
	61.89
	45.49
	3401.26

	18
	0.28
	0.16
	2.83
	2.79
	3.91

	21
	
	0.00
	0.00
	0.00
	0.00

	February
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	0.22
	0.05
	0.07
	0.21
	0.05

	9
	0.71
	0.64
	34.82
	41.53
	2774.11

	12
	0.69
	0.68
	82.71
	111.60
	16256.05

	15
	0.73
	0.69
	85.96
	73.78
	8932.95

	18
	0.69
	0.61
	9.11
	8.53
	105.71

	21
	
	0.00
	0.00
	0.00
	0.00

	March
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	0.86
	0.73
	2.08
	3.78
	56.75

	9
	0.82
	0.81
	39.01
	68.09
	11830.59

	12
	0.80
	0.85
	65.91
	131.54
	37041.50

	15
	0.80
	0.75
	112.46
	92.12
	19722.19

	18
	0.78
	0.71
	19.92
	17.22
	655.14

	21
	-0.03
	0.00
	0.00
	0.00
	0.00

	April
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	0.84
	0.75
	8.09
	13.11
	538.96

	9
	0.83
	0.91
	25.92
	97.82
	22532.57

	12
	0.79
	0.99
	-24.19
	168.77
	48722.86

	15
	0.82
	0.85
	80.88
	105.83
	27503.33

	18
	0.78
	0.77
	25.00
	31.90
	2056.60

	21
	0.02
	0.00
	0.00
	0.00
	0.00

	May
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	0.06
	0.00
	0.00
	0.00
	0.00

	6
	0.75
	0.70
	23.93
	27.62
	1371.78

	9
	0.80
	0.88
	45.66
	117.64
	28232.99

	12
	0.82
	0.93
	44.83
	153.46
	52714.79

	15
	0.79
	0.84
	113.56
	122.79
	30599.66

	18
	0.75
	0.72
	51.48
	45.40
	3734.10

	21
	0.66
	0.69
	0.52
	0.73
	0.59

	June
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	-0.01
	0.00
	0.00
	0.00
	0.00

	6
	0.78
	0.74
	18.22
	30.57
	1962.53

	9
	0.80
	0.89
	17.83
	126.32
	31444.16

	12
	0.82
	0.97
	-11.76
	166.54
	57407.86

	15
	0.76
	0.83
	102.66
	140.96
	31824.26

	18
	0.76
	0.75
	50.25
	54.76
	5522.17

	21
	0.56
	0.52
	2.62
	1.75
	2.68

	July
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	0.78
	0.74
	19.50
	24.34
	1250.85

	9
	0.81
	0.94
	13.31
	111.30
	24781.08

	12
	0.79
	0.89
	75.08
	161.11
	47426.77

	15
	0.79
	0.76
	171.61
	114.84
	28171.84

	18
	0.73
	0.65
	83.14
	49.18
	4251.37

	21
	0.59
	0.48
	2.49
	1.50
	2.50

	August
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	0.73
	0.58
	22.56
	15.61
	479.31

	9
	0.73
	0.74
	108.05
	103.09
	16265.84

	12
	0.72
	0.75
	172.90
	158.10
	34876.75

	15
	0.74
	0.67
	219.97
	108.53
	21099.08

	18
	0.71
	0.62
	66.80
	36.95
	2264.00

	21
	-0.04
	0.00
	0.19
	0.35
	-0.17

	September
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	0.86
	0.71
	6.67
	7.03
	188.85

	9
	0.82
	0.84
	46.54
	79.73
	15840.38

	12
	0.80
	0.86
	67.02
	139.03
	38754.37

	15
	0.79
	0.78
	115.43
	96.75
	19789.55

	18
	0.83
	0.79
	19.35
	18.82
	1006.83

	21
	-0.02
	0.00
	0.00
	0.00
	0.00

	October
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	0.80
	0.69
	2.18
	2.75
	18.95

	9
	0.76
	0.70
	70.39
	63.05
	7559.47

	12
	0.80
	0.81
	95.79
	110.06
	25878.89

	15
	0.81
	0.73
	98.30
	65.20
	10700.41

	18
	0.85
	0.82
	5.53
	5.98
	111.08

	21
	
	0.00
	0.00
	0.00
	0.00

	November
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	0
	
	0.00
	0.00
	0.00
	0.00

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	0.11
	0.03
	0.12
	0.27
	0.03

	9
	0.61
	0.48
	57.22
	37.62
	1733.88

	12
	0.57
	0.49
	144.10
	90.97
	7887.69

	15
	0.65
	0.53
	80.12
	42.44
	2487.35

	18
	0.41
	0.38
	0.90
	1.22
	0.79

	21
	
	0.00
	0.00
	0.00
	0.00

	December
	correl
	lin reg slope
	lin reg intercept
	lin reg st err
	covariance

	3
	
	0.00
	0.00
	0.00
	0.00

	6
	-0.01
	0.00
	0.00
	0.00
	0.00

	9
	0.45
	0.40
	29.12
	22.09
	310.83

	12
	0.58
	0.55
	72.28
	69.46
	4344.30

	15
	0.61
	0.57
	46.84
	34.49
	1216.37

	18
	-0.07
	-0.01
	0.13
	0.12
	-0.01

	21
	
	0.00
	0.00
	0.00
	0.00
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Figure 4.13: Scatter plots of most recent model forecast 3 hourly average incident short-wave radiation (W/m2) and various sets of measured data (top row) and model forecast for various forecast ranges to measurements on automatic station in Zagreb Maksimir (bottom row) for the month of January from the period from 1st August 2005 until 30th September 2012. The color scale represents hours in the day. CLM, VIC, NSU and zgi data are recomputed to represent 3 hourly average.
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Figure 4.14: As Figure 4.13 but for February.
 .
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Figure 4.15: As Figure 4.13 but for March.
Although....

[image: image29.png]1000

800

600

400

200

1000

800

600

400

200

o o o o o o
o o o o o o o o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o o o o o o o o
N < © [°s) — O N < © [°s) — O - - N < © [°s) - N < © [°s) -
T T T T T T T T T T T T T T \_ T T
ks NE1-hr88 - CLM-hr88 - ° °
[=9] [o0]
X oo ° @ Ky
£ = o £ ORRY
- 0000&o oOo 8 ° %%
NE1 ad CLM VIC NS S ps]}

14 16 18

hr88

1000 &

1000 &

1000 &

1000

800

600

400

200

1000

800

600

400

200



Figure 4.16: As Figure 4.13 but for April.
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Figure 4.17: As Figure 4.13 but for May.
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Figure 4.18: As Figure 4.13 but for June.
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Figure 4.19:  As Figure 4.13 but for July.
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Figure 4.20: As Figure 4.13 but for August.
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Figure 4.21: As Figure 4.13 but for September.
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Figure 4.22: As Figure 4.13 but for October.
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Figure 4.23: As Figure 4.13 but for November.
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Figure 4.24: As Figure 4.13 but for December.

4. Conclusions
This document gives an overview on weather forecasting using the set-up of the limited area model (LAM) ALADIN that is used for operational weather forecast in DHMZ as an example for operation weather forecasting. ALADIN is a state-of-the-art modern numerical weather prediction model, which is aimed at prediction of the sub-synoptic and mesoscale weather features. These features are typically forced by topography or other processes that are absent in the global models (such as ECMWF or NCEP) i.e. main synoptic patterns. The microgrid-related comparison of model and measured data on case studies and using moment-based verification showed the satisfactory model accuracy as well as the remaining shortcomings and errors. For the reasons of relatively fine accuracy, the variety of ALADIN model outputs are extensively used in the renewable energy sector, as well as other sectors of economy (transport, agriculture, tourism) and general public.

The main recent improvement of the ALADIN model is utilization of observational data in the region in the so-called data assimilation process of numerical weather prediction. The sources of data assimilated include automated weather stations, satellites, vertical profilers and radio-sondes, airplanes, ships, human observations and other. The use of radar data is currently being investigated. Further improvements to the prediction system accuracy may be brought by i) improving the horizontal resolution of the model and ii) the treatment of microscale motions and effects. While the first aims to improve the forecast for locations over the entire calculation domain, the second is focused to improve model accuracy for specific locations. The latter is especially important in urban areas, which are currently not represented in the model, what is the reason for larger systematic errors of wind speed in highly urban than in other areas. Therefore, it is expected that microscale modelling, both statistical and dynamical, may further reduce the prediction errors in highly urban terrain and thus aid to microgrid optimization through reduction of the numerical weather prediction errors. 
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