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CM1 can be used to spin-up and test TC responses to user-specified profiles of background flow. The 
background flow can be adjusted over �me, as well. We can leverage these capabili�es to test how TCBL 
structure is influenced by the joint forcings of storm mo�on and environmental ver�cal shear. There are 
countless ways to specify the background wind profile, but it is probably most insigh�ul to start with 
simple specifica�ons.  

First, let us consider a few constraining elements for our problem: 

1. The CM1 user is unable to specify TC mo�on simply through, for instance, 𝑢𝑢  and 𝑣𝑣  wind 
components. However, we can apply a proxy for TC mo�on: column-averaged background flow. 
The primary driving mechanism behind storm mo�on is likely to be the aggregate effect of steering 
flow through the depth of the vortex, and we can assume the steering flow is roughly the same as 
a non-zero background flow. A secondary element to storm mo�on is TC self-advec�on as the 
result of vortex �lt—for simplicity, we will assume this is negligible at the outset. Beta dri� could 
also contribute to storm mo�on, but an 𝑓𝑓-plane will be applied to negate this effect. 

2. Because the goal here is to examine BL structure in response to simple expressions of steering and 
shear, we would prefer not to add background shear directly to the BL (i.e., background winds 
kept uniform in the BL). We can restrict applied background shear to a layer that excludes the BL. 
However, as will be shown below, enforcing this rule requires an offse�ng element to preserve 
the column-averaged background flow (i.e., the steering flow). This offset would also be necessary 
if the steering layer differs from the layer in which shear is applied. 

3. Lastly, we prefer to have background wind profiles that are con�nuous in the ver�cal. 

For example, suppose the user ini�ally wants to run a case where the shear through the depth of the 
vortex between is 10 m/s, the background steering flow is 5 m/s, and the shear points an�parallel to the 
steering flow. Note that because the simula�on will be on an 𝑓𝑓-plane, the model-rela�ve direc�on is not 
relevant. Referring to constraint 1, the background wind profile of this ini�al approach could be 
represented by a piecewise linear func�on shown in red below. The botom of the steering layer is the 
surface 𝑧𝑧𝑆𝑆, and the top of the steering layer is at the top of the vortex 𝑧𝑧𝑇𝑇. The shear vector through the 
depth of the vortex points in the nega�ve 𝑦𝑦  direc�on with a magnitude of 10 m/s, and the average 
background flow points in the posi�ve 𝑦𝑦 direc�on with a magnitude of 5 m/s, as intended. However, the 
user realizes that they would not like shear to be directly added to the BL by the background flow 
(constraint 2), so they define a shear layer with the botom above the BL top at 𝑧𝑧𝐵𝐵 and the top at 𝑧𝑧𝑇𝑇—the 
new wind profile is drawn in blue. The shear, now defined as the vector difference between 𝑧𝑧𝑇𝑇 and 𝑧𝑧𝐵𝐵, is 
s�ll appropriate, but now the average background flow between 𝑧𝑧𝑆𝑆 and 𝑧𝑧𝑇𝑇 is greater than 5 m/s.  
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Aside from addressing the excess steering flow by imposing constraint 2, the wind profile used above has 
discon�nui�es at 𝑧𝑧𝐵𝐵 and 𝑧𝑧𝑇𝑇 that need to be resolved for constraint 3. One way to sa�sfy constraint 3 is to 
use a different piecewise func�on that uses wave segments instead of linear segments in the shear layer, 
as shown below by the green line: 

 

The orange shading represents excess steering flow rela�ve to the red linear profile (that sa�sfies 
constraint 1), while the blue shading represents a steering deficit rela�ve to the red linear profile. 
Constraint 1 is sa�sfied if the sum of orange area (posi�ve) and blue area (nega�ve) equals zero.  

To summarize the profiles devised so far, the red profile sa�sfies constraint 1, the blue profile sa�sfies 
constraint 2, and the green profile sa�sfies constraints 2 and 3. A simple way to modify the green profile 
to also sa�sfy constraint 1 is to shi� the en�re profile by a constant to adjust the average flow in the 
steering layer. Alterna�vely, we can add a second wave segment to the green profile that preserves 
con�nuity (constraint 3), preserves shear values (constraint 2), and when integrated, has equal and 
opposite area to the sum of the orange and blue areas shown above (constraint 1). Below, the second 
wave segment is shown in purple, and its integral through the steering layer (blue, nega�ve area) is such 
that when combined with other blue and orange areas, the result is zero. By combining the purple and 
green profiles, we obtain a profile that sa�sfies all three constraints. 

 

Now that we have drawn out our approach schema�cally, we will formulate expressions that can be 
applied easily to simula�ons. 
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The prescribed background wind is a func�on of height 𝑧𝑧 and is gradually nudged into a CM1 simula�on. 
The steering flow is the average of background wind between the steering layer’s botom 𝑧𝑧𝑆𝑆 and top 𝑧𝑧𝐷𝐷: 

𝑈𝑈 =
1

𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆
� 𝑢𝑢�(𝑧𝑧)𝑑𝑑𝑑𝑑
𝑧𝑧𝐷𝐷

𝑧𝑧𝑆𝑆
 

𝑉𝑉 =
1

𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆
� 𝑣̅𝑣(𝑧𝑧)𝑑𝑑𝑑𝑑
𝑧𝑧𝐷𝐷

𝑧𝑧𝑆𝑆
 

The user specifies the 𝑥𝑥-direc�on steering flow 𝑈𝑈, 𝑦𝑦-direc�on steering flow 𝑉𝑉, as well as 𝑧𝑧𝑆𝑆 and 𝑧𝑧𝐷𝐷. The 
variables 𝑢𝑢�  and 𝑣̅𝑣 are 𝑥𝑥-direc�on and 𝑦𝑦-direc�on background wind components. The background shear 𝑆𝑆 
is defined here as the difference between background wind at the top of the shear layer 𝑧𝑧𝑇𝑇 and the botom 
of the shear layer 𝑧𝑧𝐵𝐵: 

𝑆𝑆 =  𝑆𝑆𝑢𝑢𝚤̂𝚤,  𝑆𝑆𝑣𝑣𝚥𝚥 ̂

𝑆𝑆𝑢𝑢 = 𝑢𝑢�(𝑧𝑧𝑇𝑇) − 𝑢𝑢�(𝑧𝑧𝐵𝐵) 

𝑆𝑆𝑣𝑣 = 𝑣̅𝑣(𝑧𝑧𝑇𝑇) − 𝑣̅𝑣(𝑧𝑧𝐵𝐵) 

0 ≤ 𝑧𝑧𝑆𝑆 ≤ 𝑧𝑧𝐵𝐵 < 𝑧𝑧𝑇𝑇 ≤ 𝑧𝑧𝐷𝐷 ≤ 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡 

The 𝑥𝑥 - and 𝑦𝑦 -components of background shear are 𝑆𝑆𝑢𝑢  and 𝑆𝑆𝑣𝑣 , respec�vely. The model top is 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡 . The 
user specifies 𝑆𝑆𝑢𝑢, 𝑆𝑆𝑣𝑣, as well as 𝑧𝑧𝑇𝑇 and 𝑧𝑧𝐵𝐵. Note that here we require the steering layer to include the 
en�re shear layer. Background wind components are con�nuous throughout and uniform outside of the 
shear layer: 

𝑢𝑢�(𝑧𝑧) =

⎩
⎪
⎨

⎪
⎧  𝑢𝑢�(𝑧𝑧𝐵𝐵), 𝑧𝑧 < 𝑧𝑧𝐵𝐵
𝐹𝐹(𝑧𝑧) = �𝑓𝑓𝑖𝑖(𝑧𝑧)

𝑖𝑖=1

, 𝑧𝑧𝐵𝐵 ≤ 𝑧𝑧 < 𝑧𝑧𝑇𝑇

𝑢𝑢�(𝑧𝑧𝑇𝑇), 𝑧𝑧 ≥ 𝑧𝑧𝑇𝑇

 

𝑣̅𝑣(𝑧𝑧) =

⎩
⎪
⎨

⎪
⎧  𝑣̅𝑣(𝑧𝑧𝐵𝐵), 𝑧𝑧 < 𝑧𝑧𝐵𝐵
𝐺𝐺(𝑧𝑧) = �𝑔𝑔𝑗𝑗(𝑧𝑧)

𝑗𝑗=1

, 𝑧𝑧𝐵𝐵 ≤ 𝑧𝑧 < 𝑧𝑧𝑇𝑇

𝑣̅𝑣(𝑧𝑧𝑇𝑇), 𝑧𝑧 ≥ 𝑧𝑧𝑇𝑇

 

𝐹𝐹(𝑧𝑧𝐵𝐵) = 𝑢𝑢�(𝑧𝑧𝐵𝐵) ;  𝐹𝐹′(𝑧𝑧𝐵𝐵) = 0 

𝐹𝐹(𝑧𝑧𝑇𝑇) = 𝑢𝑢�(𝑧𝑧𝑇𝑇) ; 𝐹𝐹′(𝑧𝑧𝑇𝑇) = 0 

𝐺𝐺(𝑧𝑧𝐵𝐵) = 𝑣̅𝑣(𝑧𝑧𝐵𝐵) ;  𝐺𝐺′(𝑧𝑧𝐵𝐵) = 0 

𝐺𝐺(𝑧𝑧𝑇𝑇) = 𝑣̅𝑣(𝑧𝑧𝑇𝑇) ;  𝐺𝐺′(𝑧𝑧𝑇𝑇) = 0 

𝐹𝐹 and 𝐺𝐺 are the 𝑥𝑥- and 𝑦𝑦-components of the background flow in the shear layer, respec�vely, and can be 
comprised of many waveforms so long as the boundary condi�ons at 𝑧𝑧𝐵𝐵 and 𝑧𝑧𝑇𝑇 are met. Primes denote 
ver�cal deriva�ves. The structure of each background wind component in the shear layer includes a 
primary wave—for simplicity, the wave used here is sinusoidal with an amplitude equal to half of the 
component’s shear. Further, the primary wave has wavelength equal to double the shear layer thickness, 
and the height of the botom of the shear layer is used to shi� the wave phase. The primary waves can 
thus be expressed as: 
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𝑓𝑓1(𝑧𝑧) =
𝑢𝑢�(𝑧𝑧𝑇𝑇) + 𝑢𝑢�(𝑧𝑧𝐵𝐵) + 𝑆𝑆𝑢𝑢 cos[𝑚𝑚1(𝑧𝑧 − 𝑧𝑧𝐵𝐵)]

2
 

𝑔𝑔1(𝑧𝑧) =
𝑣̅𝑣(𝑧𝑧𝑇𝑇) + 𝑣̅𝑣(𝑧𝑧𝐵𝐵) + 𝑆𝑆𝑣𝑣 cos[𝑚𝑚1(𝑧𝑧 − 𝑧𝑧𝐵𝐵)]

2
 

With wavenumber 𝑚𝑚1: 

𝑚𝑚1 =
𝜋𝜋

𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵
 

If we are content to shi� the en�re background profile uniformly to sa�sfy constraint 1, then we do not 
need to add more waves, and we can integrate 𝑢𝑢�  and 𝑣̅𝑣 to get boundary values at the botom and top of 
the shear layer: 

𝑈𝑈 =
1

𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆
�� 𝑢𝑢�(𝑧𝑧𝐵𝐵)𝑑𝑑𝑑𝑑

𝑧𝑧𝐵𝐵

𝑧𝑧𝑆𝑆
+ � 𝑓𝑓1(𝑧𝑧)𝑑𝑑𝑑𝑑

𝑧𝑧𝑇𝑇

𝑧𝑧𝐵𝐵
+� 𝑢𝑢�(𝑧𝑧𝑇𝑇)𝑑𝑑𝑑𝑑

𝑧𝑧𝐷𝐷

𝑧𝑧𝑇𝑇
� 

𝑈𝑈 =
𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆

 𝑢𝑢�(𝑧𝑧𝐵𝐵) +
(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) �𝑆𝑆𝑢𝑢 + 2𝑢𝑢�(𝑧𝑧𝐵𝐵)�

2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)
+
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆

 𝑢𝑢�(𝑧𝑧𝑇𝑇) 

(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑈𝑈 = (𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆) 𝑢𝑢�(𝑧𝑧𝐵𝐵) +
(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) �𝑆𝑆𝑢𝑢 + 2𝑢𝑢�(𝑧𝑧𝐵𝐵)�

2
+ (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇) 𝑢𝑢�(𝑧𝑧𝑇𝑇) 

(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑈𝑈 = (𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆) 𝑢𝑢�(𝑧𝑧𝐵𝐵) +
(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵)�𝑆𝑆𝑢𝑢 + 2𝑢𝑢�(𝑧𝑧𝐵𝐵)�

2
+ (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)�𝑆𝑆𝑢𝑢 + 𝑢𝑢�(𝑧𝑧𝐵𝐵)� 

(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑈𝑈 = (𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆)𝑢𝑢�(𝑧𝑧𝐵𝐵) +
(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵)�𝑆𝑆𝑢𝑢 + 2𝑢𝑢�(𝑧𝑧𝐵𝐵)�

2
+ (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑆𝑆𝑢𝑢 + (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑢𝑢�(𝑧𝑧𝐵𝐵) 

(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑈𝑈 −
(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) �𝑆𝑆𝑢𝑢 + 2𝑢𝑢�(𝑧𝑧𝐵𝐵)�

2
− (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑆𝑆𝑢𝑢 = (𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆)𝑢𝑢�(𝑧𝑧𝐵𝐵) + (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑢𝑢�(𝑧𝑧𝐵𝐵) 

2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑈𝑈
2

−
(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) �𝑆𝑆𝑢𝑢 + 2𝑢𝑢�(𝑧𝑧𝐵𝐵)�

2
−

2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑆𝑆𝑢𝑢
2

= (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆 + 𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑇𝑇)𝑢𝑢�(𝑧𝑧𝐵𝐵) 

2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑈𝑈 − (𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) 𝑆𝑆𝑢𝑢 − 2(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵)𝑢𝑢�(𝑧𝑧𝐵𝐵) − 2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑆𝑆𝑢𝑢
2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆 + 𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑇𝑇) = 𝑢𝑢�(𝑧𝑧𝐵𝐵) 

2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑈𝑈 − (𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) 𝑆𝑆𝑢𝑢 − 2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑆𝑆𝑢𝑢 = 2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆 + 𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑇𝑇)𝑢𝑢�(𝑧𝑧𝐵𝐵) + 2(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵)𝑢𝑢�(𝑧𝑧𝐵𝐵) 

2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑈𝑈 − (𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) 𝑆𝑆𝑢𝑢 − 2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑆𝑆𝑢𝑢 = 2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑢𝑢�(𝑧𝑧𝐵𝐵) 

𝑈𝑈 −
𝑆𝑆𝑢𝑢
2 �

𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵 + 2𝑧𝑧𝐷𝐷 − 2𝑧𝑧𝑇𝑇
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆

� = 𝑢𝑢�(𝑧𝑧𝐵𝐵) 

𝑈𝑈 −
𝑆𝑆𝑢𝑢
2 �

2𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆

� = 𝑢𝑢�(𝑧𝑧𝐵𝐵) 

𝑉𝑉 −
𝑆𝑆𝑣𝑣
2 �

2𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆

� = 𝑣̅𝑣(𝑧𝑧𝐵𝐵) 
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Alterna�vely, if we want to specify the shear layer’s boundary condi�ons or confine adjustments to the 
shear layer to sa�sfy constraint 1, then a secondary wave is necessary to adjust the mean steering flow. 
For example, in the conceptual descrip�on, we chose to specify: 

𝑢𝑢�(𝑧𝑧𝐵𝐵) = 10  ;   𝑢𝑢�(𝑧𝑧𝑇𝑇) = 0 

Or, more generally: 

𝑢𝑢�(𝑧𝑧𝐵𝐵) = 𝐶𝐶  ;   𝑢𝑢�(𝑧𝑧𝑇𝑇) = 𝐶𝐶 + 𝑆𝑆𝑢𝑢 

where 𝐶𝐶 is a known constant. We choose a secondary wave where it and its deriva�ve are zero at the 
shear layer boundaries, so that when we add it to the primary wave, the boundary condi�ons are s�ll 
sa�sfied. A simple wave that fits these requirements is a sinusoid displaced by its amplitude:  

𝑓𝑓2(𝑧𝑧) = 𝐴𝐴 − 𝐴𝐴 cos[𝑚𝑚2(𝑧𝑧 − 𝑧𝑧𝐵𝐵)] 

𝑚𝑚2 =
2𝜋𝜋

𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵
 

We can integrate 𝑢𝑢�  to find 𝐴𝐴: 

𝑈𝑈 =
1

𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆
�� 𝐶𝐶𝐶𝐶𝐶𝐶

𝑧𝑧𝐵𝐵

𝑧𝑧𝑆𝑆
+� �𝑓𝑓1(𝑧𝑧) + 𝑓𝑓2(𝑧𝑧)�𝑑𝑑𝑑𝑑

𝑧𝑧𝑇𝑇

𝑧𝑧𝐵𝐵
+ � (𝐶𝐶 + 𝑆𝑆𝑢𝑢)𝑑𝑑𝑑𝑑

𝑧𝑧𝐷𝐷

𝑧𝑧𝑇𝑇
� 

𝑈𝑈 =
𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆

 𝐶𝐶 +
(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) (𝑆𝑆𝑢𝑢 + 2𝐶𝐶)

2(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)
+
𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆

𝐴𝐴 +
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇
𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆

 (𝐶𝐶 + 𝑆𝑆𝑢𝑢) 

𝑈𝑈(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆) = (𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆)𝐶𝐶 +
(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) (𝑆𝑆𝑢𝑢 + 2𝐶𝐶)

2
+ (𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵)𝐴𝐴 + (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)(𝐶𝐶 + 𝑆𝑆𝑢𝑢) 

𝑈𝑈(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆) − (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)(𝐶𝐶 + 𝑆𝑆𝑢𝑢)− (𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆)𝐶𝐶 −
(𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵) (𝑆𝑆𝑢𝑢 + 2𝐶𝐶)

2
= (𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵)𝐴𝐴 

𝑈𝑈(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)
𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵

−
(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)(𝐶𝐶 + 𝑆𝑆𝑢𝑢)

𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵
−

(𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆)𝐶𝐶
𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵

−
(𝑆𝑆𝑢𝑢 + 2𝐶𝐶)

2
= 𝐴𝐴 

(𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆)𝑈𝑈 − (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇 + 𝑧𝑧𝐵𝐵 − 𝑧𝑧𝑆𝑆)𝐶𝐶 − (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑆𝑆𝑢𝑢
𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵

−
(𝑆𝑆𝑢𝑢 + 2𝐶𝐶)

2
= 𝐴𝐴 

Let’s define the thicknesses of the steering and shear layers (Δ𝑈𝑈 and Δ𝑆𝑆, respec�vely): 

Δ𝑈𝑈 = 𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑆𝑆 

Δ𝑆𝑆 = 𝑧𝑧𝑇𝑇 − 𝑧𝑧𝐵𝐵 

Thus: 

𝑈𝑈Δ𝑈𝑈 − (Δ𝑈𝑈 − Δ𝑆𝑆)𝐶𝐶 − (𝑧𝑧𝐷𝐷 − 𝑧𝑧𝑇𝑇)𝑆𝑆𝑢𝑢
Δ𝑆𝑆

−
(𝑆𝑆𝑢𝑢 + 2𝐶𝐶)

2
= 𝐴𝐴 

If 𝑧𝑧𝐷𝐷 = 𝑧𝑧𝑇𝑇, 𝑧𝑧𝑆𝑆 = 0, and 𝑢𝑢�(𝑧𝑧𝑇𝑇) = 𝑈𝑈 + 𝑆𝑆𝑢𝑢/2: 

𝑈𝑈𝑧𝑧𝑇𝑇 − 𝐶𝐶𝑧𝑧𝐵𝐵
Δ𝑆𝑆

−
(𝑆𝑆𝑢𝑢 + 2𝐶𝐶)

2
= 𝐴𝐴 
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𝑈𝑈𝑧𝑧𝑇𝑇 − 𝑢𝑢�(𝑧𝑧𝑇𝑇)𝑧𝑧𝐵𝐵 + 𝑆𝑆𝑢𝑢𝑧𝑧𝐵𝐵
Δ𝑆𝑆

−
𝑆𝑆𝑢𝑢 + 2𝑢𝑢�(𝑧𝑧𝑇𝑇) − 2𝑆𝑆𝑢𝑢

2
= 𝐴𝐴 

𝑈𝑈𝑧𝑧𝑇𝑇 − 𝑈𝑈𝑧𝑧𝐵𝐵 − (𝑆𝑆𝑢𝑢𝑧𝑧𝐵𝐵/2) + 𝑆𝑆𝑢𝑢𝑧𝑧𝐵𝐵
Δ𝑆𝑆

− 𝑈𝑈 = 𝐴𝐴 

𝑈𝑈Δ𝑆𝑆 + (𝑆𝑆𝑢𝑢𝑧𝑧𝐵𝐵/2)
Δ𝑆𝑆

− 𝑈𝑈 = 𝐴𝐴 

𝑆𝑆𝑢𝑢𝑧𝑧𝐵𝐵
2Δ𝑆𝑆

= 𝐴𝐴 

… (con�nued) 

 

 

 


