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Introduction 
A well-known effect of high sustained winds 
from one direction is wind set-up (see Figure 1). 
Water managers strongly benefit from an 
accurate prediction of the wind set-up from 
hydrodynamic models to plan adequate 
measures and ensure safety. Possbile 
measures are closing barriers or pumping water 
out of the system. Nevertheless,   modelling the 
wind effect accurately is difficult, especially in 
fetch-limited water systems, such as the lake 
system in Fryslân. There is limited information 
available for practical applications under these 
circumstances. This study investigates how to 
determine the wind drag coefficient for these 
systems to obtain better model predictions. 
 

 
Figure 1. Wind set-up illustration (Watershed Council, 2019) 
 
Theoretical background 
The transmission  of m  omentum between wind 
and water is a complex and partly unknown 
process. The momentum transmission is  
generally formulated as a shear stress term, 
depending on the relative wind velocity with 
respect to the water velocity 𝑢  [𝑚/𝑠], the 
density of air 𝜌  [𝑘𝑔 𝑚⁄ ]  and a drag 
coefficient 𝐶  [−] (Nelen & Schuurmans, 2020): 

 
𝜏 = 𝜌 𝐶 |𝑢 |𝑢    (1) 

 
     It is widely accepted that the transmission of 
momentum is scaled with a 𝐶  that depends on 
the mean wind speed at 10 m above the water 
surface and on the wave state (Grachev et al., 
1998). For open seas and oceans, the 𝐶  at high 
wind speeds is based on an empirical relation 

that includes merely the wind speed (KNMI, 
2017). Meanwhile, in previous modeling studies 
of large shallow lakes the 𝐶  in the wind stress 
formulation is defined based on empirical 
reference values or  is calibrated using field data 
(Cheng et al., 2020).   
     However, knowledge on drag coefficients for  
fetch-limited, shallow water systems is scarce. 
In  fetch-limited, shallow water systems the 
actual wind at the water surface is strongly 
affected by local characteristics. Therefore, it 
might deviate strongly from the assumed wind 
at 10 m height. The local shear stress is affected 
by the roughness of adjacent terrains, the 
shielding by obstacles and/ or shores and the 
effective fetch (see Figure 2 for an illustration). 
It is hypothesized that these effects need be 
taken into account to obtain optimal model 
results. Hence, the objective of this study is to 
investigate to what extend the drag coefficient 
varies with three components: not only with wind 
speed, but also spatially and with wind direction. 
 

 
Figure 2. Wind shielding on Holland Lake, illustrated by 
reflection of visible light on waves (Markfort et al., 2010) 

 
Method & Case Study 
To investigate the importance of the three 
described components of 𝐶 , the Frisian bosom 
will serve as a case study. The Frisian bosom is 
an enormous system, consisting of openly 
connected lakes through a dense system of 
canals (see Figure 4). The impact of strong 
winds on local water levels can be substantial. 
A large accumulation of water can develop at 
one side of the bosom, as water can flow freely 
through the system. Water level measurements 
of twenty locations, scattered over the bosom, 
were used to evaluate the wind set-up. These 
measurements stations are located within lakes 
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or canals. A 2D hydrodynamical model was set 
up with the 3Di hydrodynamic software (Nelen 
& Schuurmans, 2020). This 2D model can 
integrate the directional effect of the wind. Wind 
events taken place between 2015 and 2019, 
categorized based on wind force and direction, 
served as input for this model.  

The wind drag coefficient was calibrated, 
such that the model output of the water level 
matched the observations as closely as 
possible. The Kling-Gupta Efficiency (KGE) 
objective function was used to assess the 
simulation results. The calibration was 
implemented as a progressive Monte-Carlo with 
parameters values chosen within an interval. 
After the calibration phase, the optimized drag 
coefficients were validated using an 
independent data set per categorized wind 
event. For each event, an optimal 𝐶  was 
obtained for the whole domain, as well as for 
each measurement location separately. Based 
on these drag coefficients, the variation in space 
and per wind velocity was determined. 
 
Preliminary results 
In total, 23 wind events were simulated. Figure 
3 shows an example of the water level at 
Stavoren, a location in the southwest of the 
bosom (see Figure 4), during a southwestern 
wind event with wind forces reaching up to 8 Bft. 
For this specific event a domain-wide optimal 𝐶  
was determined of 1.1 × 10  [−], while the 
variation in optimal 𝐶  per location was 
approximately 1 × 10  [−]. The optimal 
domain-wide drag coefficients show an 
increasing trend for increasing wind speeds. 
Furthermore, a small directional dependence is 
perceived. It seems that these drag coefficients 

tend to be higher for southwestern and western 
winds, in comparison to northwestern winds. 
This could be explained by the larger fetch 
lengths of the lakes, due to their geometry in line 
with the wind direction. However, local 
circumstances seem to affect the results 
strongly. This is observed in deviations in these 
trends and is underlined by the variation in 
optimal drag coefficients per location.  
 

 
Figure 3. Simulated and observed water levels at Stavoren  
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Figure 4. An overview of the Frisian bosom/ model domain (in blue), measurement station Stavoren and a snapshot of the Digital 
Elevation Model (legend in m+NAP) with the computational grid cells of Tjeukemeer, one of the Frisian lakes (see arrow). 
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