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I. Introduction

Regional/mesoscale models currently provide reliable wind power density products. Besides the traditional use in numerical weather prediction, this type of model is often used for regional wind resource estimates, owing to the low spatial and temporal representativeness of routine measurements. In many applied scientific disciplines including wind engineering, it is often considered that the higher resolution the better, i.e. that increased horizontal resolution of the model yields more accurate results. However, the gain in forecast accuracy with increased horizontal resolution is not always straightforward. The principal question addressed here is whether a refinement of horizontal resolution uniquely produces more accurate wind and turbulence estimates. 

The effect of horizontal grid resolution on the prediction accuracy of winds and turbulence at the standard as well as hub heights (50 m AGL) was performed using two models,  Mesoscale Model 5 (MM5) and Weather Research and Forecasting Model (WRF). The models are configured with nine domains, with the first four having grid resolutions 27, 9, 3 and 1 km, respectively, as well as five innermost domains at 333 m horizontal grid resolutions, having an hourly output. Four meteorological towers in central western Nevada, equipped with conventional anemometers at heights of 10 m, 20 m, 30 m, 40 m and 50 m AGL were used for evaluation of the simulated low-level wind flow properties. 

II. Wind Climate of central Nevada

Upper-level synoptic preconditioning, as inferred by the composite geopotential height means of the North American Regional Reanalysis for July and December 2007 is shown on Figure 1. In July, the central Nevada area is embedded in the large-scale upper-level high, with upper-level troughs passing far north. This synoptic setting has potential to give rise to local circulations (slope, valley…). In Decemer, the area is not protected by the upper-level high, and occasionally cyclones move across the area bringing rain and snow.
Wind roses at 4 measurement wind towers are shown on Figs 2. and 3. In both months, they acquire 
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Figure 1: Composite geopotential height mean (NARR) for July (left) and December (right) 2007.
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Figure 2: Wind roses for Tonopah (upper-left), Luning 5N (upper-right), Kingston (lower-left) and Luning 7W (lower-right) during July 2007. Dominant flow directions are of NNW and SSE directions, which are channeled to along-valley directions for Kingston and Luning 7W.

mostly bi-directional circulations. For stations Tonopah and Luning5N, these directions are NNW and SSE, for Kingston NNE and SSW and for Luning 7W W and E. Further analysis shows that the predominant (mesoscale) wind directions in the region are indeed NNW and SSE, while wind directions for the stations Kingston and Luning 7W are modulated by orientation of small scale valleys in which they are located (e.g. see locations on Fig. 5).

Inspection of measured data in spectral space is performed with the use of power spectral density functions. First, in order to study general wind climate characteristics in spectral space at the measurement stations, power spectral density was calculated for the whole 4-yr period when measurements were available (12/03/2003 – 12/04/2007). Apart from the expected broad maximum in spectral motions (of periods ~2-7 days), all stations have a pronounced peak at diurnal periods as well (not shown). The peak is expressed the most for stations Luning5N and Kingston14SW. The general shape of power spectral density function is only slightly dependent on height.

The horizontally averaged power spectra for July and December 2007 at 10 m AGL are shown on Figure 4. The most prominent feature of the July spectra is a strong diurnal peak, which is (almost completely) missing in Debember data. This clearly illustrates the diurnal origin of the dominant bi- 
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Figure 3: Wind roses for Tonopah (upper-left), Luning 5N (upper-right), Kingston (lower-left) and Luning 7W (lower-right) during December 2007. Dominant flow directions are of NNW and SSE directions, which are channeled to along-valley directions for Kingston and Luning 7W.

diurnality of wind directions in July. Indeed, further analysis of the mesoscale wind patterns in the region (from subsequent WRF and MM5 runs) clearly associates the near-surface circulation in July 
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Figure 4: Horizontally averaged power spectral density functions for all 4 measurement stations during July (left) and December (right) 2007. Kingston data in December is available for the fist third of the month only.

with mesoscale diurnal system in the region characterized with NNW winds during nighttime and SSE winds during daytime, with these directions locally modified due to topographic features (such as valleys). On the other hand, spectral analysis disregards diurnal forcing as a prime generating factor of wind bi-directionality in December, suggesting the possible role of the orientation of the Sierra Nevada mountains (SSW-NNE) on the dominant bidirectional wind rose in the region.

III. Analysis of MM5 and WRF models performance in physical space

As mentioned in the introduction, two models, WRF and MM5 were set-up for the analysis. The model setups are made as similar as possible. The common domains (at the same resolutions) are shown on Fig. 5), and the models share a number of parametrization schemes, such as convective (Kain-Fritch), microphysical (Thompson), PBL (MY-J) parametrizations. Model was run with 36 vertical levels, while convective parametrization was used in two outermost domains only. Initial and lateral boundary 
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Figure 5: The model domains (dx=27km, 9 km, 3 km, 1 km, 0.3333km) used for both WRF and MM5 model simulations.

conditions were provided by North American Regional Reanalysis (NARR). Observed and modeled wind resource at 4 meteorological wind masts with classic cup and vane wind sensors were analyzed with the use of mean wind speeds, root-mean square errors (RMSE), correlations and histograms. The analysis covered the period 1 July – 30 July 2007 and 1 December – 31 December 2007. As indicated earlier, simulated winds were available on with horizontal resolutions ranging from 27 km (domain 1) to 330 m, as a direct model output of two mesoscale models, MM5 and WRF.

Table 1. shows the analysis of measured and simulated data during July 2007 for the four analyzed measurement stations. For example, at the location of Kingston, mean wind speed equaling 4.18 m/s at 10 m AGL and 4.97 m/s at 50 m AGL is considerably better simulated with WRF than MM5 model on all measurement heights (20 m, 30 m and 40 m AGL not shown here). This is especially true on 
Table 1: Mean wind speed (m/s), RMSE (m/s) and correlations (d-less) at 10 m AGL and 50 m AGL for stations Kingston14SW (K14SW), Luning5N (L5N), Luning7W (L7W) and Tonopah24NW (T24NW), as measured and simulated with MM5 and WRF models during July 2007. 
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K14SW L5N L7W T24NW AVG K14SW L5N L7W T24NW AVG

10 m meas 4.18 2.83 3.12 4.76 3.72 4.18 2.83 3.12 4.76 3.72

M 1 2.75 2.89 2.84 2.75 2.81 3.95 3.64 3.77 4.27 3.91

E 2 2.07 3.25 2.12 2.67 2.53 3.43 4.4 3.32 3.52 3.67

A 3 2.58 2.7 2.47 3.7 2.86 3.95 4.33 3.67 5.07 4.25

N 4 2.7 2.77 2.88 3.62 2.99 4.04 4.04 4.05 4.67 4.2

5 2.67 2.92 3.07 3.58 3.06 4.07 3.93 4.14 4.64 4.19

R 1 3.44 2.35 2.1 3.39 2.82 2.59 2.68 2.49 2.6 2.59

M 2 3.26 2.45 2.22 3.14 2.77 2.45 3.07 2.13 2.76 2.6

S 3 2.88 2.55 2.14 2.84 2.6 2.54 3.29 2.41 2.98 2.81

E 4 2.82 2.39 2.15 2.78 2.53 2.59 3 2.66 2.87 2.78

5 2.84 2.3 2.14 2.81 2.52 2.58 2.94 2.64 2.84 2.75

C 1 0.01 0.34 0.3 -0.05 0.15 0.5 0.35 0.3 0.37 0.38

O 2 0.47 0.36 0.34 0.34 0.38 0.6 0.32 0.4 0.45 0.44

R 3 0.54 0.33 0.35 0.27 0.37 0.61 0.43 0.33 0.37 0.44

R 4 0.54 0.39 0.35 0.29 0.39 0.59 0.46 0.33 0.39 0.44

5 0.54 0.44 0.35 0.28 0.4 0.58 0.45 0.36 0.38 0.44

50 m meas 4.97 3.53 3.64 5.43 4.39 4.97 3.53 3.64 5.43 4.39

M 1 2.8 3.03 2.84 3.36 3.01 4.26 3.9 3.92 4.39 4.12

E 2 2.26 3.31 2.12 3.06 2.69 3.49 4.87 3.32 3.79 3.87

A 3 2.63 2.83 2.53 4.33 3.08 4.02 4.42 3.76 5.76 4.49

N 4 3.06 3.31 3.5 4.58 3.61 4.54 4.46 4.65 5.61 4.81

5 3.08 3.48 3.79 4.76 3.78 4.62 4.35 4.69 5.69 4.84

R 1 4.29 2.7 2.53 3.94 3.36 3.23 2.87 2.71 3.2 3

M 2 4.15 2.74 2.81 3.79 3.37 3.3 3.33 2.42 3.4 3.11

S 3 3.85 2.94 2.65 3.46 3.23 3.07 3.21 2.64 3.63 3.14

E 4 3.65 2.87 2.65 3.35 3.13 3.16 3.25 3.14 3.63 3.29

5 3.65 2.72 2.7 3.39 3.12 3.18 3.2 3.14 3.74 3.31

C 1 0.05 0.34 0.31 0.04 0.19 0.48 0.34 0.31 0.34 0.37

O 2 0.43 0.34 0.32 0.3 0.35 0.55 0.29 0.4 0.41 0.41

R 3 0.49 0.33 0.33 0.27 0.36 0.61 0.45 0.34 0.36 0.44

R 4 0.49 0.39 0.34 0.29 0.38 0.58 0.49 0.33 0.37 0.44

5 0.48 0.44 0.33 0.28 0.38 0.57 0.48 0.35 0.36 0.44


kilometer and sub-kilometer model resolutions. Likewise, correlation is higher and RMSE is lower for 

WRF than MM5 model. Nevertheless, MM5 model shows a regular gradual increase (decrease) of correlation (RMSE) with increase of horizontal resolution, in contrast to WRF model which shows virtually no change throughout the domains. However, this result is not universal. For Luning5N, higher resolution domains (4, 5) of the MM5 model perform better in terms of mean wind speed and RMSE, while correlations still seem to be better with WRF. For Luning7W, domains 4 and 5 of the MM5 seem to have more skill mean wind speed and RMSE, while correlations stay similar to WRF. Finally for Tonopah24, which has the highest wind resource, WRF considerably outperforms MM5 in both mean wind speed and correlation, while WRF RMSE stays similar to MM5, at least regarding the higher resolution domains.

On average over all measurement stations, MM5 shows an underestimation of mean wind speed for ~ 19% at both 10 m AGL for its highest resolution and best performance domains 4 (dx=1 km) and 5 (dx=0.33 km). An overall increase in accuracy of modeled wind speed with increased horizontal resolution is clearly visible, though correlations stay rather low.  However, domain 2 (dx=9 km) is an exception, characterized with generally the lowest mean wind speed and the least accurate simulated mean wind speed. This will be commented further in the text. Both RMSE and correlation show increased performance with increased model resolution. The above appears to be similar at all measurement heights. 

In contrast to MM5, WRF produced averages yield an overall overestimation of mean wind speed 10 m AGL equaling for ~13 % and being somewhat more accurate than MM5 results. RMSE values are similar (at higher resolutions slightly greater) compared to MM5 model. However, at 10 m AGL  RMSE has a peak in domain 3, thus in contrast to WRF not showing a regular decrease with horizontal resolution. Furthermore, RMSE of WRF at 50 m AGL monotonously increases with resolution.

Correlations are on the other hand higher than for MM5 model, but show no (or weak) increase in higher resolution domains. This is true for all analyzed measurement heights.  This illustrates that though WRF showed better results for estimation of wind resource in the region, its RMSE increases with model resolution and overcomes RMSE of the MM5 model. This might have important implications for numerical weather prediction i.e. wind forecasting. Nevertheless, further studies should address the reasons behind as well as the seasonal dependency of the both MM5 and WRF model performance, before making a more general conclusion.  

Mean wind speed on average over all measurement stations increases with height equaling 18% increase difference between 10 m AGL and 50 m AGL. At 50 m AGL, underestimation of MM5 simulated wind speed for 2 highest resolution domains is close to ~16% (compared to 19% at 10 m AGL), and overestimation of WRF is somewhat  lesser and close to ~10 % (compared to 13% at 10 m AGL). RMSE of MM5 increases for ~24% and of WRF for ~20% at 50 m AGL compared to the lowest level, while correlations stay similar. The above suggests that though mean wind speed estimates get more accurate with height, increase in RMSE becomes substantial. 

To further enhance the analysis in physical space, histograms of near-surface wind speeds were analyzed for all levels and all four measurement stations during July 2007. A representative example is shown on Figure 6, suggesting that the underestimation of mean wind speed in MM5, discussed above, might be primarily related with the underestimation of stronger wind speeds. This is true for all stations and all measurement heights. On the other hand, WRF seems to have better performance for higher wind speeds, with even a slight overestimation of their frequency, which might contribute to its overall overestimation of mean wind speed.

With respect to generally lower wind speed in domain 2 than domain 1, and errors in simulating stronger mean-surface winds particularly visible in MM5 model, we have compared histograms of measured and simulated data at 500 hPa, using radio-soundings at Reno, Nevada and both model data at 00 UTC and 12 UTC. The goal was to see whether there is some change of synoptic information in mid-troposphere through LBC interface between the two lowest resolution domain. Figure 7 shows that there appears to be no significant difference in measured and modeled histograms for both models and that models in general do not show larger inconsistency in simulating stronger larger-scale flows at mid-troposphere for model resolutions close to and over 10 km. 
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Figure 6: Histograms (relative frequencies) of 50 m wind speed classes for MM5 model (left) and WRF model (right) for July 2007 over Kingston.
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Figure 7: Histograms (relative frequencies) of 500 hPa wind speed classes for radio-sounding data, MM5 model (left) and WRF model (right) for July 2007 over Reno.

In order to get a further insight into the model performance, daytime (2pm – 5pm local time) and nighttime (2am -5 am local time) histograms were analyzed, the times of the day aiming to isolate periods the strongest surface thermal forcing on the planetary boundary layer. Figures 8. and 9. indicate that there are strong differences in relative frequencies of stronger wind speeds between daytime and nighttime for both models. MM5 model shows a clear daytime underestimation of near-surface stronger wind speeds (Fig. 8), which is present virtually on all stations and all measurement heights. Relative  frequencies of MM5 simulated nighttime near-surface wind speeds are more comparable with measured data. Thus, underestimation of daytime stronger winds appears to be the most prominent contributor to the overall underestimation of MM5 mean wind speed throughout the analyzed month. On the other hand, daytime relative frequencies of stronger winds simulated with the WRF model seem to be roughly comparable with measured data (Fig. 9). Nevertheless, during nighttime, relative frequencies of the WRF simulated wind speeds are strongly overestimated, contributing to the considerate overestimation of mean wind speed by the WRF model (multiplicative BIAS ~ 25% in domains 3,4,5).

This suggests that thermal properties of the lower boundary, induced vertical mixing and PBL parametrizations seem to play an important role on the near surface stronger wind speeds, at least 
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Figure 8: Daytime and nighttime histograms of measured and MM5 10 m wind speeds for July 2007 over Tonopah.
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Figure 9: Daytime and nighttime histograms of measured and WRF 10 m wind speeds for July 2007 over Tonopah.

during the summer months. This will be studied further in the following sections.

Table 2. shows the analysis of measured and simulated data during December 2007 for the four analyzed measurement stations. The main property of the low-level circulation is, in contrast to July, lack of diurnal circulations (see Section 2.). Despite that, mean wind speeds are similar as in July, likely due to increased energy of synoptic motions. The MM5 higher resolution domains underestimate the mean wind speed similarly (25%-30%) as in July. However, in contrast there seems to be no gain with resolution. RMSE is of similar values as in July and nearly constant with resolution. While correlations are nearly constant as well, in December they are somewhat higher than in July. WRF shows similar trend as in July – that is slight average overestimation (~10%) at both 10 m and 50 m AGL. RMSE is slightly bigger than for MM5 which is explained by the higher simulated winds in WRF. Correlations are of similar values.

Mean wind speed on average over all measurement stations increases with height yielding a 20% increase difference between 10 m AGL and 50 m AGL. This is somewhat higher than in July and is likely related to a less intensive vertical mixing of momentum in wintertime than summertime PBL. At 50 m AGL, underestimation of MM5 simulated wind speed for 2 highest resolution domains is close to ~21% (compared to 26% at 10 m AGL), and overestimation of WRF is somewhat  lesser and close to

Table 2: Mean wind speed (m/s), RMSE (m/s) and correlations (d-less) at 10 m AGL and 50 m AGL for stations Kingston14SW (K14SW), Luning5N (L5N), Luning7W (L7W) and Tonopah24NW (T24NW), as measured and simulated with MM5 and WRF models during December 2007
	 
	 
	MM5
	 
	 
	 
	 
	WRF_ARW
	 
	 
	 

	 
	 
	K14SW
	L5N
	L7W
	T24NW
	AVG
	K14SW
	L5N
	L7W
	T24NW
	AVG

	10 m
	meas
	3.0247
	3.2404
	3.8803
	4.3712
	3.62915
	3.0247
	3.2404
	3.8803
	4.3712
	3.62915

	M
	1
	6.38
	3.8142
	3.9517
	4.0849
	4.5566
	7.2939
	4.665
	4.6756
	4.7923
	5.3567

	E
	2
	3.22
	3.8166
	3.3192
	2.455
	3.2021
	3.837
	4.8803
	3.9173
	3.3115
	3.98653

	A
	3
	3.01
	3.074
	3.0371
	3.2772
	3.09908
	4.249
	4.2687
	3.8512
	4.4014
	4.19258

	N
	4
	2.32
	2.4158
	3.0156
	3.0717
	2.7052
	3.9921
	3.6842
	4.11
	4.3499
	4.03405

	 
	5
	2.32
	2.473
	3.0267
	2.974
	2.69785
	3.8208
	3.6508
	4.2878
	4.286
	4.01135

	R
	1
	4.44
	2.379
	2.35
	2.635
	2.9512
	5.47
	2.930
	2.67
	2.547
	3.40625

	M
	2
	2.06
	2.267
	2.25
	2.962
	2.38518
	2.48
	3.087
	2.43
	2.444
	2.61175

	S
	3
	2.08
	2.482
	2.31
	2.506
	2.34375
	2.71
	3.022
	2.42
	2.384
	2.6325

	E
	4
	2.17
	2.619
	2.32
	2.667
	2.4457
	2.80
	2.8103
	2.5502
	2.3658
	2.6306

	 
	5
	2.17
	2.5443
	2.3666
	2.7631
	2.46193
	2.722
	2.84
	2.569
	2.413
	2.6367

	C
	1
	0.36
	0.618
	0.55
	0.495
	0.5058
	0.36
	0.600
	0.56
	0.582
	0.52594

	O
	2
	0.50
	0.653
	0.59
	0.647
	0.59884
	0.44
	0.545
	0.53
	0.685
	0.55199

	R
	3
	0.50
	0.526
	0.61
	0.659
	0.57317
	0.56
	0.519
	0.52
	0.697
	0.57186

	R
	4
	0.49
	0.518
	0.61
	0.625
	0.56041
	0.50
	0.52653
	0.52841
	0.70143
	0.5634

	 
	5
	0.49
	0.56
	0.58071
	0.60065
	0.55715
	0.478
	0.52
	0.567
	0.684
	0.56264

	 
	 
	
	
	
	
	 
	
	
	
	
	 

	50 m
	meas
	3.5941
	3.8387
	4.8997
	5.1052
	4.35943
	3.5941
	3.8387
	4.8997
	5.1052
	4.35943

	M
	1
	6.64
	4.2932
	4.2121
	4.1923
	4.8342
	7.4837
	5.1029
	4.866
	4.9206
	5.5933

	E
	2
	3.39
	4.8249
	3.8715
	2.7852
	3.71898
	3.9623
	5.457
	3.9245
	3.643
	4.2467

	A
	3
	3.28
	3.1744
	3.2139
	3.8769
	3.3857
	4.4166
	4.4067
	4.0306
	4.9195
	4.44335

	N
	4
	2.93
	2.7564
	4.1067
	3.9218
	3.4286
	4.7552
	4.1448
	4.9001
	5.136
	4.73403

	 
	5
	2.93
	3.034
	4.0734
	3.9536
	3.49763
	4.7224
	4.1751
	5.0146
	5.1896
	4.77543

	R
	1
	4.50
	2.884
	2.80
	3.137
	3.3306
	5.42
	3.246
	2.86
	2.866
	3.598

	M
	2
	2.59
	2.972
	2.78
	3.487
	2.9573
	2.86
	3.569
	3.01
	2.901
	3.0847

	S
	3
	2.56
	3.097
	3.10
	2.826
	2.89585
	2.94
	3.355
	2.98
	2.740
	3.00363

	E
	4
	2.68
	3.185
	2.69
	2.931
	2.87008
	3.43
	3.3111
	3.0258
	2.8427
	3.15288

	 
	5
	0.50
	3.0846
	2.7895
	2.998
	2.34201
	3.497
	3.40
	3.134
	2.956
	3.24583

	C
	1
	2.68
	0.620
	0.58
	0.505
	1.09602
	0.33
	0.611
	0.58
	0.582
	0.52789

	O
	2
	0.48
	0.635
	0.62
	0.664
	0.60042
	0.42
	0.544
	0.53
	0.692
	0.54721

	R
	3
	0.52
	0.550
	0.62
	0.695
	0.59603
	0.56
	0.519
	0.52
	0.711
	0.57762

	R
	4
	0.51
	0.567
	0.64
	0.662
	0.59452
	0.52
	0.56458
	0.53846
	0.71366
	0.58485

	 
	5
	0.51
	0.59
	0.60601
	0.64328
	0.58777
	0.513
	0.56
	0.548
	0.699
	0.57926


~9 % (compared to 11% at 10 m AGL). RMSE of MM5 increases for ~17% and of WRF for ~22% at 50 m AGL compared to the lowest level, while correlations stay similar. The above suggests that though mean wind speed estimates get more accurate with height, increase in RMSE becomes substantial and comparable to the general increase in mean wind speeds.
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Figure 10: Horizontally averaged daytime and nighttime histograms of measured and MM5 10 m wind speeds for December 2007.
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Figure 11: Horizontally averaged daytime and nighttime histograms of measured and MM5 10 m wind speeds for December 2007.
Similarily to July, horizontally averaged histograms of mean wind speed were plotted for daytime and nighttime periods (shown here are daytime 10am – 5pm local time and nighttime 10pm -5 am local time). Figure 10. shows that similarily to July, simulations of strong daytime wind speeds seem to be the main contributor to the overall underestimation of wind speeds in MM5. In contrast, there is no significant diurnal variability on the accuracy of the WRF frequency distribution (Fig. 11), suggesting that strong overestimation of nocturnal flows in July is indeed a diurnally forced model verification feature.

Finally, 500 hPa level was analysed to study whether there is some loss of synoptic information throughout the domains (Fig. 12). For this purpose, in December (month with 97% of spectral power in longer than diurnal periods of motion) inner domains up to 333 m horizontal resolution were introduced for the Reno area and compared with radiosoundings. WRF seems to have more accurate frequency distribution than MM5. While it appears that on average stronger winds (>30 m/s) are somewhat underestimated in both models, it does not seem obvious that there is some potential loss of synoptic energy at upper-levels due to domain nesting. Namely, there is no unique increase or decrease of relative frequencies of the strong winds with increase of horizontal resolution.
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Figure 12: Histograms (relative frequencies) of 500 hPa wind speed classes for radio-sounding data, MM5 model (left) and WRF model (right) for December 2007 over Reno.

IV. Analysis of WRF and MM5 models performance in spectral space

In addition, model performance was verified in spectral space, with the use of power spectral density functions. As shown earlier, the most prominent feature of the July spectra is a strong diurnal peak, which is (almost completely) missing in Debember data, illustrating the diurnal origin of mesoscale NNW winds (nighttime) and SSE winds (daytime), clearly visible on bi-directional wind direction distributions for seen on wind roses (Section 2). 
Comparison of MM5 and WRF models with observations in spectral space was performed using the same data as for conventional verification in physical space.  En example of power spectral density function for 10 m AGL measurements at Tonopah24W during July, as inferred from all nested domains of MM5 and WRF models is shown on Fig. 13. It is clearly visible that both synoptic and diurnal motions of the MM5 model are underestimated, in contrast to WRF model which seems to correctly capture power of motions at these scales. Furthermore, while higher resolution domains (for both models) capture the power of high frequency motions, coarser domains underestimate this part of the spectrum. 

However, this result is not unique for all stations. In order to give a more quantitative measure of the model performance at different spectral scales (periods), we have chosen to divide motions into subdiurnal (periods < 22 h), diurnal (22 h < periods <26 h) and synoptic (periods > 26 h). Contributions to total power spectrum are computed by integrating power spectral density function over the given frequency range.

This approach was first applied to measured data (Table 3.). In July, synoptic motions at 10 (50) m AGL contain 80 (82) % of the total integrated power spectral density, diurnal 15 (13) % and subdiurnal 4 (4) % (as inferred by horizontally averaged observations). Thus, power of diurnal motions is somewhat larger on 10 m AGL than on 50 m AGL, which has stronger synoptic forcing. On the other hand, the power of diurnal motions is considerably smaller in December (~1%), in favor to the power of synoptic motions (~97%).
Table 3. The percent of motions with periods >26 h (first row), 22 h <t<24 h (middle row) and t<22 h (right row) for July (left) and December (right) 2007.
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Model verification in spectral space shows that on average over all stations (Table 4.), MM5 tends to underestimate total power of motions at both 10 m and 50 m AGL very roughly by a factor of ~2. This is a result of underestimation of power of most energetic synoptic and diurnal motions, while poorly-energetic subdiurnal motions are overall best represented and rather moderately underestimated. In contrast to MM5, the power spectrum average for WRF over all stations yields significantly better results at both analyzed levels. The power of synoptic and diurnal motions is considerably better represented. The poorest performance (in percent) is generally found in subdiurnal range, where spectral power is generally overestimated, especially for higher resolution domains.

At 10 m AGL, there is no systematic increase or decrease of MM5 or WRF model performance in synoptic range within different domains. Indeed, averaged over both models, domain 1 seems to represent best the power of synoptic motions. In contrast, the power of synoptic motions in domain 2 is strongly underestimated and has the poorest performance of all domains, in agreement with the analysis in physical space. However, in diurnal range, while domain 1 provides the poorest results probably due to largely unresolved terrain, domain 2 provides considerably improved model performance. This suggests that the overall poor result of total power estimation (and mean speed) of domain 2 is mostly due to errors in synoptic frequency band. Though there seems to be no loss of upper-level synoptic energy through the interaction of domains 1 and 2 as suggested by verification with radio-sonde data at 500 hPa over Reno (see former section), the obvious decrease of synoptic power at near-surface levels calls for further analysis on this issue. 

At 50 m AGL, there is an improvement of both MM5 and WRF model performance in estimating total, synoptic and diurnal power. Again the domain 2 shows the poorest results in total and synoptic frequency bands, and more satisfactory skill in diurnal range. Similar to 10 m AGL, the power of 
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Figure 13: Power spectral density functions for MM5 (left) and WRF (right) models for Tonopah24NW at 10 m AGL, for all nested domains.

Table 4: Power (m2/s) of total, synoptic, diurnal, subdiurnal motions at analyzed stations during July 2007.
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K14SWL5N L7W T24NWAVG K14SWL5N L7W T24NWAVG

10 m meas 377.79 270.38 143.56 355.52286.81 377.79 270.38 143.56 355.52286.81

T 1 184.44 165.31 124.15 152.14156.51 292.63 275.74 258.24 295.9 280.63

O 2 80.36 108.79 68.12 145.09100.59 222.09 194.74 152.91 419.85 247.4

T 3 135.29 150.33 133.74 124.54135.98 290.92 505.39 225.17 415.66 359.29

A 4 141.08 140.72 166.52 136.45146.19 278.57 263.37 223.52 370283.87

L 5 128.68 145.72 146.86 127.34137.15 256.05 254.43 256.76 331.09274.58

10 m meas 292.53 213.02 105.22 310.82 230.4 292.53 213.02 105.22 310.82 230.4

  1 172.34 147.29 105.19 141.8141.66 235.78 247.4 229.07 264.61244.22

S 2 60.63 73.18 59 130.05 80.72 152 166.12 129.52 377.99206.41

Y 3 100.26 125.16 119.22 105.43112.52 182.78 430.97 201.77 358.37293.47

4 105.98 118.67 148.79 123.13124.14 181.59 199.7 192.64 321.06 223.75

5 96.89 124.11 129.34 114.06 116.1 166.35 193.03 226.18 284.8217.59

10 m meas 65.66 46.42 30.09 30.94 43.28 65.66 46.42 30.09 30.94 43.28

1 3.34 11.17 12.04 7.28 8.46 39.58 15.51 16.07 19.74 22.72

D 2 15.05 27.49 5.85 7.54 13.98 56.92 16.86 14.8 30.93 29.88

I 3 25.21 13.69 9.1 7.67 13.92 86.45 46.88 12.67 35.5 45.38

4 23.92 13.28 10.42 5.1 13.18 74.01 40.96 18.21 27.64 40.2

5 21.44 13.95 11.02 5.07 12.87 68.34 39.33 17.19 25.24 37.52

10 m meas 13.76 10.94 8.25 13.76 11.67 13.76 10.94 8.25 13.76 11.67

1 8.76 6.85 6.92 3.06 6.4 17.28 12.84 13.11 11.55 13.69

S 2 4.68 8.12 3.27 7.5 5.89 13.17 11.76 8.6 10.93 11.12

D 3 9.81 11.48 5.42 11.45 9.54 21.69 27.54 10.73 21.79 20.44

4 11.18 8.77 7.31 8.22 8.87 22.97 22.71 12.66 21.31 19.91

5 10.35 7.67 6.5 8.21 8.18 21.36 22.07 13.39 21.05 19.47

50 m meas 704.51 325.98 228.01 505.75441.06 704.51 325.98 228.01 505.75441.06

T 1 194.51 176.17 124.15 205.34175.04 317.08 306.62 292.45 313.25 307.35

O 2 116.59 110.56 68.12 194.65122.48 224.85 248.01 152.91 495.33280.28

T 3 165.33 176.02 142.86 189.18 168.35 322.6 562.63 239.1 582.51426.71

A 4 242.04 276.16 309.63 230.79264.66 364.88 438.99 313.02 561.14419.51

L 5 251.02 261.44 302.25 249.23265.99 408.96 388.57 363.27 583.44 436.06

50 m meas 586.64 246.5 169.69 446.63 362.37 586.64 246.5 169.69 446.63 362.37

  1 181.93 155.28 105.19 177.35154.94 258.83 273.4 258.69 281.5268.11

S 2 93.45 75.6 59 176.16101.05 154.84 211.47 129.52 450.56 236.6

Y 3 126.56 147.29 127.82 156.15139.46 202.51 483.21 214.38 498.79349.72

4 197.21 241.49 281.27 203.46 230.86 240.96 350.12 268.72 481.61 335.35

5 206.03 230.51 273.18 218.24231.99 290.83 303.59 316.94 502.27 353.41

50 m meas 88.14 64.33 45.89 38.22 59.14 88.14 64.33 45.89 38.22 59.14

1 3.13 13.26 12.04 22.65 12.77 38.42 19.2 19.62 19.52 24.19

D 2 17.64 26.65 5.85 8.99 14.78 56.71 23.05 14.8 33.18 31.93

I 3 28.15 15.64 9.37 16.21 17.34 96.8 50.94 13.51 54.8 54.01

4 29.38 20.22 16.47 13.34 19.86 93.27 59.03 26.76 47.38 56.61

5 29.26 18.21 17.07 15.56 20.03 89.42 54.86 27.15 46.16 54.4

50 m meas 29.73 15.16 12.43 20.9 19.56 29.73 15.16 12.43 20.9 19.56

1 9.45 7.63 6.92 5.34 7.33 19.83 14.02 14.14 12.23 15.05

S 2 5.49 8.3 3.27 9.5 6.64 13.3 13.49 8.6 11.6 11.75

D 3 10.62 13.09 5.67 16.82 11.55 23.29 28.49 11.21 28.91 22.97

4 15.44 14.46 11.88 14 13.94 30.65 29.84 17.54 32.16 27.55

5 15.72 12.72 12 15.43 13.97 28.7 30.13 19.17 35.01 28.25


Table 5: Power (m2/s) of total, synoptic, diurnal, subdiurnal motions at analyzed stations during December 2007.
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 subdiurnal motions is somewhat underestimated for MM5 and overestimated for WRF model.

General properties of the integrated power spectral density are similar in December as well (Table 5). WRF shows much better estimates of total and synoptic power than MM5, while the models are of comparable accuracy in diurnal and subdiurnal frequency ranges (WRF orverestimates, MM5 underestimates).

Finally, inspection of Fig. 13 suggests that there appears to be two distinct frequency bands in subdiurnal this part of the spectrum: 1) periods less then 22 hr, but greater of timescale of effective model resolution (period of shortest resolved wavelength) and 2) periods less then timescale of effective model resolution. The timescale of effective model resolution is naturally dependent on the domain resolution, and from Fig. 13 appears to be close to 6 hours for domain 1. It was shown that in WRF model the effective resolution  equals roughly 7*dx (Skamarock, 2004) in mid-troposphere. A simple scaling using this value for domain 1 (dx=27 km) provides periods of motions effectively resolved in the WRF model of roughly 5.25 hours (7*27000 m / 10m/s), which corresponds well to related power spectral density function. Though effective model resolution would usually be calculated with kinetic energy spectral density function (dependent on wavenumber and averaged over the model domain), the above suggests that power spectral density function of a time-series has a potential to provide a useful information on the effective model resolution as well.

V. Further analysis of the WRF model performance

Table 6. presents the mean (mean), standard deviation (std), covariance (cov), correlation (corr), root-mean square error (rmse) and normalized root-mean square error (nrmse, nrmse=rmse/observed_mean) for Tonopah station at 10 m and 50 m AGL.  Measurements are denoted “dmn 0” and five MM5 and WRF domains at 27 km, 9km, 3km, 1 km and 0.333 km are specified. In this table/analysis, daytime denotes 2-5 pm local time, and nighttime 2-5 am local time. Winds are stronger at daytime then nighttime, and the difference is stronger at 10 m AGL. Apparently, this is due to the strong convective mixing during daytime afternoon hours and the weaker mixing and vertical momentum exchange during nighttime. During daytime, WRF model simulations of mean wind speed are quite accurate and the error for the highest resolution domains is below 10 %. On the other hand, MM5 mean wind speed is strongly underestimated for over 30%. As shown in histograms of daytime and nighttime periods, this underestimation of the MM5 model is due to underestimation of stronger wind speeds. During the nighttime, however, MM5 model outperforms the WRF model, due to WRF overestimation of nighttime mean wind speed for 10% at 10 m AGL and 16% at 50 m AGL. The overestimation is not systematically reduced in the WRF model with an increase in horizontal resolution. In addition, MM5 correlations are higher than for the WRF model, as well as root-mean square errors. The weaker quality of WRF during nighttime, and of MM5 during daytime is a feature of other analyzed station as well, apart from Kingston to some extent. 

The reason for that seems to be primarily associated with the stronger nighttime flows, which are considerably overestimated in the WRF model. This is illustrated also by a nighttime time series presented on Figure 14, but this time for 10 pm – 05 am local time. As can be inferred from the figure, this overestimation does not decrease with the domain resolution; instead it is the strongest for the 3 highest resolution domain (grid resolutions of 3 km, 1 km and 0.3333 km). Among all the stations, the highest importance in terms of wind resource has the overestimation of nighttime flows at the station

Table 6: Mean (mean), standard deviation (std), covariance (cov), correlation (corr), root-mean square error (rmse) and normalized root-mean square error (nrmse, nrmse=rmse/observed_mean) for Tonopah station at 10 m and 50 m AGL. Measurements are denoted “dmn 0” and five MM5 and WRF domains at 27 km, 9km, 3km, 1 km and 0.333 km are denoted as dmn 1,2,3,4 and 5 respectively. 
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WRF DAY dmn mean std cov corr rmse nrmse

0 5.62 2.45 5.99 1 0 0

1 5.14 2.18 2.55 0.48 2.42 0.43

2 4.73 2.54 2.94 0.47 2.7 0.48

3 5.64 2.92 3.9 0.55 2.58 0.46

4 5.38 2.76 3.54 0.52 2.56 0.46

5 5.1 2.81 3.74 0.54 2.58 0.46

WRF NIGHT 0 4.04 1.39 1.94 1 0 0

1 4.35 1.57 0.44 0.2 1.89 0.47

2 2.87 1.73 0.91 0.38 2.11 0.52

3 5.32 2.5 1.34 0.38 2.67 0.66

4 4.39 2.47 0.9 0.26 2.51 0.62

5 4.43 2.48 0.92 0.27 2.52 0.62

MM5 DAY 0 5.62 2.45 5.99 1 0 0

1 2.17 1.25 0.03 0.01 4.4 0.78

2 3.29 1.86 0.86 0.19 3.62 0.64

3 3.69 1.99 1.35 0.28 3.3 0.59

4 3.7 2.13 1.39 0.27 3.37 0.6

5 3.6 2.16 1.36 0.26 3.46 0.62

MM5 NIGHT 0 4.04 1.39 1.94 1 0 0

1 3.28 0.9 -0.01 -0.01 1.82 0.45

2 2.59 1.2 0.53 0.32 2.1 0.52

3 4.54 1.78 1.11 0.45 1.77 0.44

4 3.87 1.41 0.62 0.32 1.64 0.41

5 3.81 1.37 0.56 0.29 1.66 0.41
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WRF DAY dmn mean std cov corr rmse nrmse

0 5.99 2.94 8.62 1 0 0

1 5.17 2.21 3.01 0.46 2.84 0.47

2 4.85 2.63 3.59 0.47 3.1 0.52

3 5.85 3.1 4.94 0.54 2.88 0.48

4 5.88 3.13 4.87 0.53 2.94 0.49

5 5.71 3.25 5.32 0.56 2.93 0.49

WRF NIGHT 0 5.1 2.05 4.21 1 0 0

1 4.59 1.66 0.32 0.09 2.56 0.5

2 3.23 2.01 0.78 0.19 3.18 0.62

3 6.5 3.24 1.87 0.28 3.58 0.7

4 5.65 3.43 0.89 0.13 3.79 0.74

5 5.9 3.62 1.03 0.14 3.97 0.78

MM5 DAY 0 5.99 2.94 8.62 1 0 0

1 2.31 1.32 0.25 0.06 4.84 0.81

2 3.46 2.01 1.07 0.18 4.1 0.68

3 3.88 2.15 1.75 0.28 3.76 0.63

4 4.12 2.56 2.13 0.28 3.78 0.63

5 4.11 2.7 2.29 0.29 3.84 0.64

MM5 NIGHT 0 5.1 2.05 4.21 1 0 0

1 4.72 1.15 -0.17 -0.07 2.45 0.48

2 3.21 1.5 0.61 0.2 2.96 0.58

3 5.74 2.49 1.85 0.36 2.66 0.52

4 5.39 2.05 0.85 0.2 2.6 0.51

5 5.66 2.25 0.88 0.19 2.78 0.55
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Figure 14: Nighttime (10 pm – 5 am) measured and modeled (all domains) wind speed time series for Tonopah24W, Luning7W, Luning5N and Kingston14SE. Nighttime hours for all days are blended in a single time series.

Tonopah, due to the strongest annual mean wind speeds as well as strongest (and overestimated) nighttime flows. In addition, daytime and nighttime wind roses show the strong diurnal cycle and both nighttime and daytime wind directions close to unidirectional (Fig. 15), which facilitates the analysis.

Furthermore, data was separated in bins according the observed wind direction. Statistical scores for station Tonopah are shown in Table 7. The highest mean wind speed is found for winds blowing from sectors IV (270-360 degrees) and II (90-180), sectors related with nighttime and daytime (daytime flows are present in sector III as well) flows respectively. In the highest resolution domains, daytime  winds from sector II are underestimated and daytime winds from sector III are overestimated. This probably contributes to the good overall estimation of daytime winds in WRF, although data here are not separated into daytime and nighttime periods (yet, as seen on wind roses, there is a considerable diurnal wind variability at the station). On the other hand, winds from sectors I and IV (corresponding to nighttime flows) are overestimated for ~10%, which is in accordance with the above analysis and statistical scores calculated for nighttime flows only.

The overestimation of nighttime flows, especially important for Tonopah24W, was the topic of further analysis. There are several reasons why nighttime near-surface flows might be overestimated, such as
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Figure 15: Observed daytime (2-5 pm, left) and nighttime (2-5 am, right) wind roses for the station Tonopah24W at 50 m AGL during July 2007.

the amount of vertical mixing, the error in atmospheric water content and surface temperatures, and appropriateness of terrain both local near the station and non-local (i.e. Sierra). In other words, errors might come due to errors in simulating local stability and related wind shear, but also larger-scale conditions. 

Table 7: Statistical scores separated in wind direction sectors (observed) for station Tonopah24W at 50 m AGL during July 2007.
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Figure 16: Daytime and nighttime scatter plots of differences between observed and measured wind speed at 50 m AGL and observed and measured wind shear (50 m and 10 m AGL).

Scatter plots of daytime and nighttime differences between observed and modeled wind shear between 50 m and 10 m AGL and observed and modeled wind speed at 50 m AGL were made for all stations. Exemplary results are shown for station Tonopah (Fig. 16), snowing high correlation between the two in both periods. The relationship is stronger during nighttime, suggesting that errors in mean wind speed come mostly throughout the errors in wind shear. This suggest that it is likely that either a) nocturnal low-level jet is too strong and model has to impose too strong wind shear to relax the wind speed near the ground or b) there is an error in simulating local stability. The b) case seems less likely, since it would mean the model creates too strong stability near the ground.

In order to verify whether the characteristics of PBL are simulated correctly and to study further the 
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Figure 17: Scatter plot of Total precipitable water from the WRF model and difference between observed and modeled wind speed at 50 m AGL at the station Tonopah for July 2007.
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Figure 18: Scatter plot of difference between observed and modeled a) wind speed at 50 m AGL b) wind shear 50m – 10 m and difference between observed and modeled T2 at the station Tonopah for July 2007.

overestimation of nighttime wind speeds in WRF, scatter analysis was extended by using total precipitable water from the model and modeled and observed T2.  A scatter plot between total precipitable water from the WRF model and wind speed errors (Fig. 17) shows no direct causality, as well as scatter plots between errors in wind speed/shear at 50 m AGL and errors in T2 (Fig. 18).  This suggests that the lower boundary condition governing the local dynamics of PBL (e.g. surface temperature) is probably not related with the observed overestimation of wind speed, as well as conditions governing the variation of surface temperature (total precipitable water). It therefore seems that it is more likely that the overestimation of nighttime wind speeds in WRF is not related with local PBL properties forced by lower boundary conditions (i.e. soil temperature), but rather the features of the nocturnal low-level jet and possibly the surrounding topography.

VI. A case study of overestimation of the nocturnal flows in WRF

Figure 14. was inspected to find cases of the strong and relevant overestimation of nighttime flows in WRF. 14 nights were identified and 7 selected for further analysis. For the 7 cases (15 Jul, 17 Jul, 19 Jul, 22 Jul, 24 Jul, 29 Jul and 30 Jul) , the analysis included study of relevant climatology, synoptic setting and mesoscale features. Figures 19. and 20. show a typical case of strong overestimation of nighttime flows in WRF model during summer, that happened in the night 18-19 July 2007. Prior to the onset of nocturnal flows, at 00 UTC (16 local time), a typical climatological setting during summertime - upper-level cyclone to the northwest and upper-level anticyclone to the northeast (both propagating to surface) - caused strong SE-NW pressure gradients over central Nevada forcing southwesterly flows throughout the troposphere. This pressure pattern is the dominant synoptic setting for all cases of overestimation of the nocturnal flows. At the surface, this caused westerly winds impinging on Sierra  from the Pacific. The southern branch of this surface flow experienced blocking and was deviated around the southern tip of the Sierras to SW flow, probably reinforced by the onset of up-valley winds in central Nevada (the terrain gradient in central Nevada is south-north). The northern branch of the flow was less blocked and crossed the Sierra Mountains with no significant change in wind direction over the mountain range. During nighttime, 9 hours later (01 local time), above 700 hPa, southwesterly flows pertained above the target region. However, near the surface, southern branch of the flow impinging on Sierra was completely blocked and steered to NW direction over the Pacific. Together with disappearance of the up-valley forcing, during transition daytime-nighttime transition this resulted in the weakening of SW surface flow in the lee of Sierra and central Nevada. On the other hand, the northern branch of the flow was blocked by Sierras during the night, but the easterly branch of this flow to the lee of Sierras continued its life-cycle. It was this branch of the northern flow that during the night, steered to NW-NNW direction, reached central Nevada as a primary branch nocturnal flow, presumably reinforced by down-valley flow. 

The modeled results at 1 km resolution near the surface are shown on Fig. 20. During transition to nighttime, the branch of the flow that crossed northern Sierra quickly took over the southwesterly flow 
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Figure 19: Mean sea-level pressure, 10 m wind vectors and 10 m wind speed (shaded) at 00 and 09 UTC 19 July 2010 (upper-row) and geopotential, wind vectors and wind speed (shaded) at 00 UTC at 500 hPa (lower left) and 700 hPa (lower right). The location of Tonopah24W is denoted with a black dot.
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Figure 20: 10 m wind vectors and 10 m wind speed (shaded) at 00 and 08 UTC 19 July 2010. Nevada wind towers are denoted with black dots.

present during daytime. After the initial outbreak of the nocturnal jet that reached close to ~8 ms-1 in measurements and ~14 ms-1 in the model domains 3, 4 and 5,  the flow started to gradually weaken. By the midnight, flow has weakened considerably everywhere in the area, except the region surrounding Tonopah station. In subsequent hours, the increased winds in the target area persisted until the onset of the southerly daytime flow.

The region of increased wind speeds near Tonopah stations is present for all cases of the strong nighttime overestimation of nighttime wind speeds. It is not obvious whether the NNW branch of the flow impinging in the area is too strong when reaching the central Nevada, or there is unrealistic speed-up near Tonopah due to unrealistic channeling (could be due to too smooth model orography). The first could be due to errors in simulation of the flow crossing the northern Sierra near Reno, since in the model setup, this area is simulated with a domain 2, which has 9 km grid resolution. Therefore, the mountain range west of Reno with peaks close to 3000 is close to 2000 m high in the digital elevation model of domain 2. The underestimation of the true orography likely results in a too weak blocking of the westerly flow impinging on Sierra mountains, which in turn might reflect as overestimated wind speed in the lee. However, for the time being, the non-linearity of the phenomenon disables the firmer conclusion.  A continuation of the analysis would study the above issues though the means of numerical sensitivity simulations. 

The work done was submitted to:

1. 2009 AGU Fall meeting, 14-18 Dec 2009, San Francisco, USA with a contribution entitled “Evaluation of sub-kilometer dynamical downscaling over the complex terrain”.

2. EGU 2010 conference, 3-7 May 2010, Vienna, Austria with the title “Sub-kilometer dynamical downscaling over complex terrain: does a refinement of horizontal resolution uniquely bring increased model accuracy?”
3. 14th Mountain Meteorology Conference, 30 Aug-3 Sep 2010, Lake Tahoe, USA with title “Comparison of MM5 and WRF models for application to sub-kilometer dynamical downscaling over the complex terrain”. 

4. 2010 AGU Fall meeting, 13-17 Dec 2009, San Francisco, USA, with title “Evaluations of subkilometer dynamical downscaling with MM5 and WRF mesoscale models”.
A paper is in preparation.
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