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C.1) Optimal parameter values are found to 
be flow-dependent (see Box 3).

Compensating structural errors in 
entrainment parameterizations with 

ensemble-based parameter estimation

1. Introduction

• The parameterization of vertical exchange in the planetary 
boundary layer (PBL) depends on empirical parameters

• Generally, these parameters are assumed to be spatially and 
temporally invariant, therefore flow independent

• We aim to improve the accuracy of PBL parameterizations by 
adjusting relevant parameters using ensemble-based 
parameter estimation (PE) implemented with WRF, DART, and 
the Ensemble Adjustment Kalman Filter (Anderson, 2001)

• LES simulations serve as virtual truth for the estimation process
• The goal is to make the YSU PBL scheme (Hong et al., 2006)

more flexible by replacing empirical parameters with optimally 
estimated parameters

• Parameter 𝑨𝒆 determines the magnitude of the entrainment 
heat flux in the inversion layer in the presence of shear-and
buoyancy driven turbulence (through 𝑤𝑚

3 = 𝑤∗
3 + 𝐵𝑢∗

3)

2. Performing PE in an ensemble DA framework

• (LHS): Higher/lower Ae implies stronger/weaker downward heat 
flux and creates a deeper/shallower PBL

• (RHS): State-parameter correlations provide an initial 
assessment whether a parameter is detectable with PE

• We perform idealized data assimilation experiments:
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4. Verifying the closure assumption with LES data

• Derive a dimensionless entrainment rate from EQ. 2 and 
evaluate it from LES output:

3. Optimal parameters are flow-dependent

• Free ensemble runs are conducted with N=1000 ensemble 
members and perturbed parameters

• The temporal evolution of the RMSE between LES and 
ensemble runs is shown

• The temporal shift in RMSE minima suggests that 
parameterization accuracy would benefit from progressively 
adjusting the parameter𝑤′𝜃′ ℎ = 𝑨𝒆
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Tab. Configurations of nature runs (dry simulations). (Noh et al., 2003)
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A0 A1 A2 A3 B1 B2 B3 C0 C1 C2 C3

𝑤′𝜃′ 0 0.01 0.01 0.01 0.01 0.05 0.05 0.05 0.24 0.24 0.24 0.24

𝑈𝑔 0.0 5.0 10.0 15.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0

LES data indicate that no universal parameter value leads to an 
accurate closure of the entrainment heat flux.

C.2) Variations in the optimal parameters 
compensate for errors in the entrainment 

closure assumption (see Box 4).
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A) We use LES of free and forced convection in the PBL as 
virtual truth and objectively determine the optimal value of the 
parameter that controls the entrainment rate at the top of the 
PBL in a first-order turbulence parameterization for km-scale 
simulations (see Box 1).

B) The process is based on the EAKF, which adjusts parameter 
values using ensemble covariances (see Box 2).

(EQ. 1)

(EQ. 2)

(EQ. 4)
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