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- Numerical weather prediction (NWP) can now be run at ∆=O(100 m) and air quality models (AQMs) will follow

- Integral scale convective boundary layer (CBL) turbulence becomes largely resolved at ∆=O(100 m)

- Is convective vertical mixing of pollution different at ∆=O(100 m) and ∆=O(1 km)?

- “Lift off” behaviour known to occur -> important for air quality at the city scale?

Introduction and Motivation

2

Willis and Deardorff 
(1976)

Willis and Deardorff 
(1974)



The Met Office Unified Model (UM) parametrises dispersion using K-theory

𝐹(𝑧) = −𝐾(𝑧)
𝑑𝑐

𝑑𝑧
,

so it is treated as being diffusive (Einstein, 1905). It is as if particles are undergoing a random walk (that is more efficient
at different heights) with boundaries at the ground and CBL top. 

Diffusive and Ballistic Dispersion
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Pusey (2011)

𝑧ℎ

Diffusive: 𝑟 ∝ 𝑡1/2 Ballistic: 𝑟 ∝ 𝑡

A particle released at the surface in 
a convective boundary layer (CBL):

Ballistic at short 
times after release



- Met Office UM nesting suite

- Puff and continuous release, homogeneous, ground source of passive scalar

- Case Study: 04/05/2016 with clear sky convective conditions (−𝑧ℎ/𝐿𝑀𝑂 ≈ 30 at midday) 

UM Simulations
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Puff Release Cross-sections
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Vertical Mixing Timescales from Centre of Mass (CoM) Trajectories
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Puff release at 13:00 UTC

- Passive scalar undergoes different mixing behaviour with time since release in the 55 m model

- Need more than one timescale to characterise the vertical mixing behaviour



Damped Simple Harmonic Oscillator (DHSO) Model
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Langevin equation for a particle in a stationary, horizontally homogeneous flow

𝑑𝑤 = −
𝐶0𝜖𝑤

2𝜎𝑤
2 +

1

2
1 +

𝑤2

𝜎𝑤
2

𝜕𝜎𝑤
2

𝜕𝑧
𝑑𝑡 + 𝐶0𝜖

1/2𝑑𝜉,

where 𝑤 = ሶ𝑧 is the vertical velocity of the particle, 𝜎𝑤
2 = 𝑤2 is the vertical velocity variance of an ensemble of 

particles, 𝑑𝜉 are Gaussian random velocity increments with zero mean, 𝐶0 is a dispersion parameter and 𝜖 is the local 
rate of dissipation of TKE.

Taking the ensemble average

ሷ𝑧 = −
ሶ𝑧

𝜏𝑑𝑐
+

𝜕𝜎𝑤
2

𝜕𝑧
,

where 𝜏𝑑𝑐 = 2𝜎𝑤
2/(𝐶0𝜖).

Approximating 𝜏𝑑𝑐 as constant and heuristically approximating the drift term 

ሷ𝑧 = −2𝛾 ሶ𝑧 − 𝜔2 𝑧 ,

where 𝛾 = 1/(2𝜏𝑑𝑐) and 𝜔 = 2𝜋/𝜏𝑤.

drift term

DSHO

damping term



DHSO Solutions and Timescales

8
Τ

𝑧
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Overdamped (γ > 𝜔) solution:

𝑧

𝑧ℎ
= 0.5 + 𝑧 0 /𝑧ℎ − 0.5 − 𝐴 𝑒−𝑡/𝜏𝑜1 + 𝐴𝑒−𝑡/𝜏𝑜2

The UKV is overdamped with timescales 𝜏𝑜1 = 32 min and 
𝜏𝑜2 = 8 min.

Underdamped (γ < 𝜔) solution:

𝑧

𝑧ℎ
= 0.5 +

𝑧 0 /𝑧ℎ − 0.5 𝑒−𝑡/𝜏𝑢1 cos(𝑡/𝜏𝑢2 + 𝜙)

cos(𝜙)

The 55 m model is underdamped with timescales 𝜏𝑢1 = 9 min 
and 𝜏𝑢2 = 40 min.

UKV model does not capture the ballistic behaviour and mix 
efficiently enough at times greater than O(𝝉𝒐𝟐).

Puff release at 13:00 UTC



Continuous Release Cross-sections
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- ∆=O(100 m) NWP represents ballistic CBL dispersion unlike ∆=O(1 km) NWP

- A reduced analytical model (DHSO) was developed that captured the ballistic and diffusive 
dispersion

- Vertical mixing is much slower at times larger than ~8 min in the UKV model compared to 
the 55 m model

- This results in near ground level pollution concentrations that are larger in the UKV model 
compared to the 55 m model by up to 50%. Influence largest when local emissions 
dominate.

Conclusions
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Thank You
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Additional Material from Thesis
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Non-conservation Issues / Grid Point Updrafts in the 300 m Model
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