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1. INTRODUCTION  

  
Recent advances in the subject of hurricane 

maximum potential intensity (MPI) (e.g. Bryan 2012) 
have indicated the ratio of enthalpy (Ck) to 
momentum (Cd) has less effect on maximum wind 
speed than the MPI theory suggested by Emanuel 
(1995) (hereafter E95). Emanuel’s theory suggests a 
relationship between the Ck/Cd ratio and the 
maximum tangential velocity (Vmax), where Vmax ~ 

       
 

 . It has been shown by Rotunno and Bryan 

(2009) and Bryan (2012) (hereafter B12), however, 
that this relation for Vmax is a reasonable 
approximation only for low values of the horizontal 
mixing length, with a lower exponent applying as this 
length increases.  

Through a series of axisymmetric simulations we 
examine why this functional dependence might not be 
accurate. We propose that this conflict between the 
model simulations and the theory results from 
structural differences between storms when either Ck 
or Cd is varied, but Ck/Cd held constant. B12 showed 
Vmax does not change much in these circumstances, 
but we find that the radius of maximum winds (RMW) 
and the boundary-layer flow are sensitive. 

 
2. METHODS 
 

Hurricanes were simulated for a range of enthalpy 
and drag coefficients using the axisymmetric model 
CM1. In the interests of consistency, we use the 
same model settings as described by B12, which is 
setup B res 2. For this setup, the model was 
initialized with the moist tropical sounding of Dunion 
(2011) with an SST of 29 °C. The Morrison et al. 
(2009) microphysics scheme was used. The total 
number of vertical levels was 123, with variable 
vertical grid spacing with height above 7 km, below 
which the grid spacing was 250 m. The horizontal grid 
spacing out to 64 km is 1 km, at which point the 
spacing gradually increases out to 15 km at the 
domain edge (1500 km).  

Nine simulations tested the E95 MPI theory, with 
Ck/Cd ratios of 0.5, 1.0 and 2.0 for constant values of 
Cd of 1.5   10

-3
, 2   10

-3
 and 3   10

-3
 (Table 1). All 

simulations used a horizontal turbulence length scale 
of lh = 1000 m and vertical length scale of lv = 50 m. 
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The simulation length in each case was 12 days, 
except experiments 1 and 2, which were for 24 days.  

Results of structure presented herein were 
averaged over the final 6 days of the simulation. We 
calculate Vmax using a 2-day running mean and apply 
a conversion factor to calculate the 10 m wind speed. 

 
Table 1. List of experiments and associated values.      

Experiment 
# 

Ck/Cd ratio Cd value Ck value 

1 N/A Large & 
Pond 

1.5  10
-3

 

2 N/A Capped at 
1.3  10

-3
 

1.5  10
-3

 

3 0.5 1.5  10
-3

 0.75  10
-3

 

4 0.5 2  10
-3

 1  10
-3

 

5 0.5 3  10
-3

 1.5  10
-3

 

6 1 1.5  10
-3

 1.5  10
-3

 

7 1 2  10
-3

 2  10
-3

 

8 1 3  10
-3

 3  10
-3

 

9 2 1.5  10
-3

 3  10
-3

 

10 2 2  10
-3

 4  10
-3

 

11 2 3  10
-3

 6  10
-3

 

 
3. RESULTS 
 

 The results presented here agree with those of 
B12, that the sensitivity to Ck/Cd for model produced 
Vmax is less than stated by the Emanuel (1995) 
theory. Figure 1 shows Ck/Cd ratio against Vmax for the 
present study and B12. The slope is much less than 
expected from Emanuel (1995). Here, we find Vmax ~ 

             for lv = 50 m, lh = 1000 m and using a 
slightly higher Ck than in B12. B12 found Vmax ~ 

             using those settings with Ck = 1.2   10
-3

. 

 
Figure 1. Relationship between Ck/Cd ratio and Vmax, 

for B12 and the present MPI study (S14). Note the 
B12 values are from his Figure 3b and are for 
constant Ck of 1.2   10

-3
 and lv = 50 m, lh = 1000 m. 



 A time series plot of experiments 3 and 5 (Figure 
2) where Cd and Ck are increased in experiment 5, 
shows, as expected, an increase in enthalpy despite 
an increase in drag, produces a more intense storm. 
Note the spinup time required to generate a steady 
state, but that some variability can occur during the 
life cycle. This has been noted by Brown and Hakim 
(2013). 

 
Figure 2. Time series of Vmax (converted to 10 m 

wind speed values) for Ck/Cd = 0.5. Experiment 3 has 
Cd = 1.5   10

-3
 and Ck = 0.75   10

-3
. Experiment 5 

has Cd = 3   10
-3

 and Ck = 1.5   10
-3

.  

 
 A structural comparison of experiments 3 and 5 
(Figure 3), shows the change in the size and 
positioning of the RMW. The radius to which the 25 m 
s

-1
 winds extend also changed. These changes were 

systematically seen across all experiments (not 
shown).  

 
Figure 3. 6-day averaged Vmax for Experiment 3 (top) 

and experiment 5 (bottom). Note the size increase of 
the RMW and the movement of the RMW closer to 
the storm center in experiment 5.   
 
 In order to explain some of the reasons why these 
changes occur, and, in particular, why the RMW 
shifts, difference plots of angular momentum and Vmax 
(Figure 4) are shown. Here, the case of Cd = 1.5   10

-

3
 / Ck = 0.75   10

-3
 (experiment 3) is subtracted from 

the increased Cd and Ck experiment (where Cd = 3  

 10
-3

 / Ck = 1.5   10
-3

). There is more drag at both 

lower and higher wind speeds in experiment 5. As a 
result, there is less angular momentum in the lower 
wind speed regions of the boundary-layer at larger 
radius. We would expect the higher wind speed 
regions of the eyewall to behave similarly, but the 
increase of Ck means the intensity of the storm 
offsets the Cd increase and thus more angular 
momentum is observed in the eyewall. The plot of 
Vmax confirms the increased intensity in the eyewall, 
but at larger radius the winds are slightly weaker. 

 
Figure 4. Difference plot of angular momentum (top) 

and Vmax (bottom) for experiment 3 and experiment 5. 
Experiment 3 has Ck/Cd = 0.5 with Cd = 1.5   10

-3
 and 

Ck 0.75   10
-3

. Experiment 5 has Ck/Cd = 0.5 with Cd 

= 3   10
-3

 and Ck = 1.5   10
-3

. 

 
 A further plot (Figure 5) shows the difference 
between two experiments with the same Ck, but 
different Cd. For this difference plot, the case of less 
drag (experiment 6) is subtracted from the case with 
more drag (experiment 5). The top panel in Figure 5 
shows there is less angular momentum in experiment 
5 because there is more drag at all wind speeds. The 
only area where angular momentum is greater for 
experiment 5 than in experiment 6 is in the boundary-
layer in the eyewall. Given there is more drag at high 
wind speed in experiment 5, the opposite would be 
expected (as is seen at larger radii). Since the 
differences are larger near the surface, it is evident 
that boundary-layer dynamics play an important role, 
consistent with earlier studies that have shown a 
contraction of the RMW at landfall (e.g. Kepert 2002). 
          
4. CONCLUSIONS 
 

 The results of axisymmetric simulations presented 
here agree with Bryan (2012) who showed for large 
values of horizontal mixing length that the Ck/Cd ratio 
and Vmax relationship is weaker than suggested by 
Emanuel (1995). Further examination of the structure 
shows the position of the RMW varies quite 
considerably regardless of changes to the Ck/Cd ratio 
(i.e. the shift is observed for experiments with the 
same Ck but different Cd). 



  Initial analysis shows a redistribution of the 
angular momentum is one possible cause for this 
RMW shift, but further analysis, including the 
derivation of angular momentum budgets is required 
to determine the exact cause for why this change is 
seen. Understanding the cause of these structural 
changes may help with the development of an 
improved MPI theory. 
 

 
Figure 5. Difference plot of angular momentum (top) 

and Vmax (bottom) for experiment 5 and experiment 6. 
Experiment 5 has Ck/Cd = 0.5 with Cd = 3   10

-3
 and 

Ck 1.5   10
-3

. Experiment 6 has Ck/Cd = 1 with Cd = 

1.5   10
-3

 and Ck = 1.5   10
-3

.  
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