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Abstract 

Knowledge of microscale wind conditions is important for maneuvering and mooring configurations 

of ships and also for optimizing the harbor design. The aim of this study is to translate the macroscale 

wind conditions measured at a nearshore reference station to the local (microscale) wind conditions in 

the harbor basins. An extensive measurement campaign using ultrasonic anemometers has been 

performed during a period of 6 months. These measurements are compared with the numerical 

simulations with Computational Fluid Dynamics (CFD) on a high-resolution grid. This comparison 

shows a good agreement for such a complex heterogeneous terrain. 89% of the simulated 

amplification factors (γ=Ump/Ump1) are within the range of the mean measured amplification factors ± 

two times the standard deviation. 

1 Introduction 

In the past decades, Computational Fluid Dynamics (CFD) has been developed and applied as a 

powerful tool for the assessment of microscale wind environmental conditions (Murakami (1990, 

1993), Meroney (2004), Yoshie et al. (2007), Franke et al. (2007), Tominaga et al. (2008), van Hooff 

and Blocken (2010), Tominaga and Stathopoulos (2010), Gousseau et al. (2011), Blocken et al. 

(2012)). However, CFD verification and validation are imperative (e.g. Casey and Wintergerste (2000), 

Jakeman et al. (2006), Franke et al. (2007), Tominaga et al. (2008),  Blocken and Gualtieri, (2012)). 

This requires experimental data, either wind tunnel data or field data. These data in turn need to satisfy 

certain quality criteria (Schatzmann et al. (1997), Schatzmann and Leitl (2011)). This paper presents 

the first results of an extensive case study in which a combination of on-site measurements and 

numerical simulations with CFD is applied to provide an accurate assessment of the microscale wind 

conditions (mean wind speed, wind direction and turbulence intensities) over a large part of the harbor 

area of Rotterdam. The aims of the study are: to provide wind velocity data that can be used as input 

for real-time maneuvering simulations to evaluate accessing the harbor with ships with a high windage 

area and to provide operational wind data to stakeholders. A high-resolution and high-quality 

computational grid is made and a comparison study with on-site measurements is performed. The 

present study focuses on high wind speed conditions, for which the atmospheric boundary layer 

exhibits neutral stratification. The reason is that high wind speeds are most relevant for maneuvering, 

due to the larger forces at higher wind speeds.  
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2 Computational geometry and grid 

2.1 Basic configuration – area of interest 

The study focuses on the part of the harbor area shown in Figure 1. This area is about 100 km
2
, and it 

is characterized by important changes in geometry in space and time. Large industrial objects are 

being built, landmass and harbor area is being added, container stacks and dry bulk change in height, 

the water level changes, and finally ships may or may not be present at certain locations. These factors 

all have an influence on the microscale wind conditions. When writing this paper the simulation 

results for one configuration had been obtained and will therefore be described here. This basic 

configuration, which does not contain ships and the completed new extension of the harbor, is used for 

the validation study. It has a water level of 0 m and a land level of 5 m. During the measurement 

campaign the extension of the Port on the west side, called Maasvlakte 2, was in full progress. Figure 

1 shows the status of Maasvlakte 2 in October 2011, as used for the CFD model in this study. Note 

that the measurements were performed from December 2010 until May 2011.  

 

Figure 1: The circular area of interest covers a large part of the Port of Rotterdam. The map shows the 

location of water, land, and relevant obstacles to wind flow in the harbor basins. The area ‘Maasvlakte 

2’ is currently under development.  

2.2 Buildings and other structures 

Obstacles for wind flow, like buildings and structures (e.g. LNG-tanks, containers) are only included 

in the model geometry if they influence the micro wind climate in the harbor basins. According to Best 

Practice Guidelines for CFD an obstacle with height H will have a minimal influence on the area of 

interest when the distance to this area is larger than 6-10H (Franke et al., 2007). In addition, obstacles 

with a distance of 6 times their width (6W) or less to the quay edge are also included in the model 

since these obstacles will also generate a large wake. The implication of these choices is that not all 

obstacles in the circular area of interest are modeled explicitly, i.e. with their real shape, and therefore 

parts of the mesh can be made coarser which leads to a faster model build-up and faster calculation 

times. This is of great importance because of the large domain size.    
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2.3 Specified obstacle heights in the domain 

The Port of Rotterdam Authority provided data with building heights in the area which is simplified to 

twelve different building heights in the model. Other height data, for instance of dykes and dry bulk 

are obtained using recent GIS data (2011) from the database ‘AHN2’, which has a data resolution of 

0.5 m in the horizontal plane. Finally, the height of container stacks for the whole port area, is 

estimated at containers stacked three high (approximately 7 m above ground level), based on aerial 

photography and on-site visits.  

2.4 Computational grid 

The computational domain has dimensions LxBxH= 11750 x 11740 x 500 m³. The computational grid 

(Figure 2) is generated using the surface extrusion grid technique presented by van Hooff and Blocken 

(2010). Only hexahedral cells are used to reduce the numerical discretization error and to allow the use 

of second-order discretization schemes without compromising convergence. For the present simulation, 

the grid resolution in the vertical direction is 0.4 m for the first cell, and increases gradually with height 

until 36 m at the top of the domain. Typical cell resolutions in the horizontal plane are 10 to 20 m, with a 

minimum of 0.4 m. The resulting grid contains about 86 million control volumes. 

 

Figure 2: Large part of the grid of the Port of Rotterdam (view from southwest). Dark areas indicate a 

locally higher resolution. The grid consists of about 86 million control volumes. 

3 CFD simulations 

3.1 Boundary conditions 

At the inlet of the domain a logarithmic mean wind speed profile, representing a neutral atmospheric 

boundary layer, is imposed with an aerodynamic roughness length z0 (Wieringa, 1992) which depends 
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on the approach-flow wind direction, and a reference wind speed U10 of 10 m/s. CFD simulations are 

performed for 12 wind directions. Turbulent kinetic energy k is calculated using k = u*/(√Cμ), where 

Cμ=0.09. The turbulence dissipation rate ε = u*
3
/(κ(z + z0)), where z is the height coordinate, κ the von 

Karman constant (κ = 0.42) and u* the friction velocity. The roughness of the bottom of the 

computational domain is taken into account by standard wall functions with roughness modifications 

with appropriate values for the equivalent sand-grain roughness height kS and the roughness constant 

CS, taking into account their relation with the aerodynamic roughness length z0 for the used CFD code 

Ansys Fluent: z0=(CS*kS)/9.793 (Blocken et al., 2007). Water areas are given an aerodynamic 

roughness length z0 of 0.0002 m. For land areas z0 = 0.18 m, taking the maximum values for the 

roughness parameters: kS = 0.25 m (which is limited to half the first cell height above land) and Cs = 7. 

Simulations have also been performed with a lower aerodynamic roughness length for land surfaces 

but this led to an overestimation of the simulated amplification factors compared to the measured 

amplification factors (= ratio between the mean wind speed at a measurement position and the wind 

speed at the reference position). Zero static pressure is imposed at the outlet of the domain and the 

sides and top of the domain are modeled as slip walls.  

3.2 Solver settings 

The 3D Reynolds-Averaged Navier-Stokes (RANS) equations are solved with the commercial CFD 

code Ansys Fluent 14 (Ansys Inc, 2009). The realizable k-ε model (Shih et al., 1995) is used to 

provide closure. Second-order discretization schemes are used for both the convective and viscous 

terms of the governing equations. The SIMPLE algorithm is used for pressure-velocity coupling and 

second order pressure interpolation is used.  

4 On-site wind velocity measurements 

4.1 Measurement set-up 

On-site wind velocity measurements with 3D and 2D ultrasonic anemometers were made at nine 

different positions from December 2010 – May 2011. All positions are situated along the water front 

as can be seen in Figure 3a. At the reference measurement position (= position 1), the Royal Dutch 

Meteorological Institute KNMI is constantly performing measurements that are passed on to the 

Harbor Authorities. It provides a good reference measurement position, because it is very exposed to 

the oncoming wind for almost all wind directions. The height of the reference position is 20 m above 

mean sea level (MSL) while the other positions are located at 15 m above MSL, except position 7 and 

position 8 that were placed at respectively 13 and 17 m above MSL for practical reasons.  

The gathered field measurements were 1 Hz data, which were converted (averaged) into 10-minute 

data. Only data for which the mean wind speed at the reference position is higher than 5 m/s were 

retained to exclude thermal effects from the data.  

4.2 Amplification factor 

For every measurement position and for each reference wind direction interval of 10°, the 

amplification factor is determined, which is the ratio between the mean wind speed at that 

measurement position and the wind speed at the reference position (γ=Ump/Ump1). Per wind direction 

and measurement position, a standard deviation over the amplification factors is derived. 
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4.3 Time delay and cross correlations between wind velocities at different measurement 

positions 

Since the measurement positions are located rather far apart, wind gusts will not be registered 

simultaneously at all positions but with a time delay. This time delay was studied using two methods: 

1) filtering the data using a running average over 1200 seconds and 2) calculating the cross correlation 

(Box et al., 1994) of wind speed data of eight measurement positions with the reference position 

during a sudden decrease or increase in wind speed as can be seen in Figure 3b. Here the mean 

reference wind direction is 88° from north. The mentioned time shift (Δt) in the figure is the time shift 

of the peak cross correlation. Note that for some measurement positions this peak is more pronounced 

than for others. The decrease in wind velocity appears almost simultaneously at position 1, 7 and 9 

while the time delay at position 2 is about 15 minutes as can be expected for a wind speed of 4.55 m/s 

at the reference position. The cross correlation at position 5 shows an anomaly: based on the distance 

to the reference position the time delay should be small.     

 

Figure 3: Measurement positions and cross correlation graph showing time delay between two 

measurement positions  

5 Comparison between CFD simulations and measurements 

5.1 Comparison of measured and simulated amplification factors 

A comparison of the measured (γm) and simulated amplification factors (γCFD) is presented in Figure 4a 

for all wind directions. Measurement data are excluded when the wind flow is affected by moored 

ships and radar posts which are not present in the model. Also data from measurement position 2 is 

excluded for certain wind directions because a nearby dyke was being excavated during the 

measurement campaign as part of the development of Maasvlakte 2, and this excavation is not 

included in the model. The percentual average difference between measured and simulated 

amplification factors ((|γCFD-γm|/γm)*100%) of this filtered data set is 14.9%. Figure 4a does not show 

the standard deviations of the measured amplification factors because this would decrease the 

readability of the figure. On average the standard deviation of these measured amplification factors is 

0.12. 61.6% of the simulated amplification factors in Figure 4a is within the range of [γm-σ, γm+σ] and 

89.0% is within the range of [γm-2σ, γm+2σ].  
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Figure 4b does show the standard deviations (colored lines) in the comparison of measured and 

simulated amplification factors for one of the most prevalent wind directions in the port of Rotterdam. 

The figure shows a fair to good agreement for all measurement positions.  

 

Figure 4: Comparison of measured and simulated amplification factors for a) all wind directions and   

b) wind direction 240° 

 

Figure 5 also shows the amplification factors (γ=Ump/Ump1) obtained with the CFD simulations and the 

measurements for wind direction 240° over a contour plot of the amplification factors at 15 m above 

MSL which is the most common measurement height in this study. The simulations and measurements 

both show very large gradients in mean wind speed over the harbor area, with differences up to 100% 

at relatively “open” or exposed conditions, confirming the complexity of the wind environmental 

conditions and the necessity of their assessment for improving harbor operations.  

 

Figure 5: Amplification factors for the wind direction 240° (from north) in a horizontal plane at 15 

meter above Mean Sea Level (MSL). The black lines indicate the land borders at 5 m above MSL. 
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5.2 Comparison of measured and simulated wind directions   

The average measured and simulated wind directions show very good agreement with an average 

difference of only 4°. 

6 Future work 

The CFD model is still being improved in terms of terrain roughness parameterization. Future work 

will also consider (1) studying and applying roughness of the water surface (wave height) in the model, 

(2) possible addition of cranes at the water front and (3) changing the port’s configuration by adding 

Maasvlakte 2, ships, and changing container heights.  

7 Conclusions 

The measurement data show a strong relation between wind conditions at the reference measurement 

position of the Royal Dutch Meteorological Institute KNMI (mp1) and the micro wind conditions in 

the nearby harbor docks. The results also show that this relation is complex: the amplification factors 

differ greatly from point to point, and are strongly dependent on the wind direction. The measurements 

provided an extensive and valuable dataset that not only gives a first impression of the relationship 

between the reference and local wind conditions, but is also used for a comparison with the CFD 

results. 

As the measurements only provide information at a number of discrete positions, the second part of 

the study consisted of numerical simulations with Computational Fluid Dynamics (CFD) to map the 

wind environmental conditions over the entire study area. A high quality computational grid was made 

containing about 86 million hexahedral control volumes. Special care was given to the surface 

roughness parameterization. The validation results showed a good agreement for such a complex 

heterogeneous terrain. 89.0% of the simulated amplification factors (γ=Ump/Ump1) are within the range 

of the mean measured amplification factors ± two times the standard deviation. 
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