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Introduction  

This document includes 3 text sections, two Figures, and two Tables. The first text (S1) provides a summary of a standard statistical calculation 

employed both here and in an earlier study (SM17). A MATLAB script for calculating flywheel model energy and frictional damping times is 
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found in TextS2. Text S3 includes a detailed review of the old and new Mars year selection categories described in the main text. An 

accompanying Table (S2) is also provided.  

Figure S1 gives the waveforms of the second time derivative for Mode 1 Mars years (see Section 4.1 of the main text), while Figure S2 illustrates 

waveforms and torque episodes for GDS years not included in Figure 11 of the main text.  

Table S1 gives second derivative waveform peak dates for the Mode 1 Mars years as discussed in Section 4, while Table S2 details categorization 

changes (to accompany text S3). 

Text S1. Statistical Evaluation of the Expanded Catalog 

The expanded catalog of Mars years employed for this investigation (Tables 1 and 2) includes 30 Mars years with known outcomes.  As this 

catalog is considerably larger than that employed in (S19), we wish to perform a new statistical evaluation to determine whether the distribution of 

the GDS events in time continues to depart significantly from a random expectation.  (Statistical significance was previously obtained for the 

smaller catalogs employed in Shirley (2015), Shirley & Mischna (2017), and Shirley et al. (2019)).   

 We repeat the analysis in Shirley & Mischna (2017).  There the series of angular phases (φdL/dt) was subjected to evaluation by Schuster’s 

Test.  In this test the angular phases φi of the n events are represented as unit vectors.  The unit vectors are then summed to obtain the resultant 

magnitude R and distribution phase φD; these are given by R = ((A2) + (B2))1/2 and φD  = tan-1 (B/A) respectively, where A  = Σ cos φi  and B = Σ sin 

φi.  If the angles are randomly distributed, the probability of obtaining a resultant of length R or greater is approximately Pr  =  exp ( -R2/n ).  In 

order to adapt the Schuster Test to bimodal cases it is merely necessary to double the angles before summing the sines and cosines.   

 Further details of the test (including procedures, limitations, and precautions) are provided in (SM17).   Fig. 6 of that study shows the 

distribution of angular values tested.  The distribution is bimodal, with clusters appearing near phases of 90° and 270°.  As in the prior study, we 

employ the φdL/dt phase values, here taken from column 7 of Table 1.  We likewise obtain a bimodal distribution, this time with a random 

probability Pr = 0.042.   

Text S2. Frictional Damping Timescale Calculations 

A MATLAB script employed for flywheel analog model calculations is provided below. 

 
% Estimation of the time required to spin down the induced circulation  
% caused by CTA, assuming the circulation behaves like a flywheel that  
% only loses energy to surface friction and ignoring turbulent losses 

  
% constants 
M=30000000000000000;    % mass of Martian atmosphere (kg) 
A=144000000000000;      % surface area of Mars (m^2) 
a=1000000;              % major axis (m) of circulation,  
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                        % assuming an ellipse from 30S-4N (Fig. 15, MS17) 
b=10000;                % semimajor axis (m) of circulation, 
                        % assuming an ellipse from surface to 100 Pa 
delP=100;               % vertical extent of the circulation (Pa)  
                        % (estimated from MY 15 in Fig 15 of Mischna and Shirley, 2017) 
delPsi=1800000000;      % estimated maximum change in streamfunction (kg/s)  
                        % over the estimated delP (taken from MY 15 in Fig. 15 of MS17) 
r=3386000.;             % average planetary radius (m) 
g=3.71;                 % m/s^2 
stress=.001;            % Estimated averaged surface stress between 30S-4N (N/m^2) (MS17 Fig 8i or Fig. 5) 
fraction=.285;          % assuming circulation between 30S-4N, 28.5% of the surface 
                        % area and atmospheric mass is involved if topography is ignored. 
                        % Note:  because the energy lost to friction is linear in surface 
                        % area and the energy contained in the flywheel is linear to mass, 
                        % there is no dependence in this number. 

  
% use the definition of the streamfunction to calculate the associated 
% meridional velocity, assuming a latitude of 30 S 
delv=(delPsi/delP)*(g/(2*pi*r*cosd(-30))); %(m/s) 

  
% moment of inertia for an ellipse 
% this assumes solid body rotation for simplicity 
massFraction=M*fraction;        % fraction of mass of atmosphere involved in circulation 
I=.5*massFraction*(a^2+b^2);    % (kg m^2) 

  
% calculate the angular velocity of the rotation associated with the delv 
circm=(4*a)+(2*pi*b);           % estimate circumference, which assumes rounded ends (pi*b) 
                                % and linear horizontal motion (4*a) 
omega=2*pi/(circm/delv);        % angular velocity of winds (1/s) 

  
% calculate the energy in the flywheel 
E=.5*I*omega^2;                 % 1/2 I omega^2 (J) 

  
% calculate the energy lost per unit area per unit time caused by the stress 
% acting on the velocity, which is the surface stress times the wind speed 
friction=delv*stress;           % (J/m^2/s) 
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% calculate the stress over the whole surface  
areaFraction=A*fraction;         % fraction of surface area in contact with circulation 
stresssum=areaFraction*friction; % amount of energy lost to friction (J/s) 

  
time1=E/stresssum/88600;        % the amount of time it takes friction to take the  
                                % energy from the flywheel (sols) with 88600 s/sol 

  
% Simplifying the above into one equation: 
% so that the time depends only on the speed of the surface wind and the  
% strength of the surface stress and weakly on the ratio between the  
% vertical and horizontal extent of the circulation  
time2=(pi^2)*((a^2+b^2)/(4*a+2*pi*b)^2)*(delv/stress)*(M/A)/88600; 

  
% We may further simplify the above expression if we assume that the 
% vertical distance is negligible compared to the horizontal distance (I.e., 
% a>>b so that b=0), which is generally true for a terrestrial atmosphere.   
% In that case: 
time3=((pi^2)/(16))*(delv/stress)*(M/A)/88600; 

  
% So, the spin down time only depends on the surface wind speed and the 
% associated stress. 

 

 

Text S3. Review of classification schemes for GDS years and global-storm-free years 

This Appendix briefly reviews the various classification schemes that have been employed in our prior solar system dynamical studies of 

GDS occurrence, in order to provide continuity and avoid confusion.  A number of consequential changes to the categories and the years included 

in the categories have been introduced in the present investigation.  As knowledge of the solar system dynamical connection to Martian global dust 

storm occurrence has grown in sophistication, the categories employed have evolved accordingly.   

 In Shirley (2015), the existing catalog of years with and without GDS was sorted in terms of the seasonal time of occurrence of the GDS.  

In that study, early season storms were distinguished from perihelion season storms and late season storms, and all of the storm-free years were 

grouped together.   

 Following the derivation of the mathematical expression for the orbit-spin coupling term in (S17), a new set of categories based on the 

improved physical understanding was developed and employed.  These categories were then employed for the investigations of (SM17, MS17, 
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N19, and Shirley et al., 2019a).  The categories included positive polarity years, negative polarity years, and transitional years, as listed in Tables 1 

and 2 of the present study.  The origins and definitions of the categories are summarized briefly in Section 3.1 of the present study.  A recap of the 

differences between the (SM17) system of categories and that of Shirley (2015) is found in Section 4.3 of (SM17).    

 We have introduced a new category for the present study (Mode 2), as defined and described in Section 4.3.  Table S2 lists the Mars years 

of the Mode 2 category that have been re-classified for the present study.  This listing includes only those Mars years that were included in the 

prior catalog and classification scheme of (SM17). 

As shown in Table S2, the eleven Mode 2 events are drawn from each of the three pre-existing categories, in roughly equal numbers.  About 

the same number of events (9) did not change categories.  The 1939, 1971, 1973, 1999, 2007 years from (SM17) are found in the corresponding 

Mode 1 category of this study.  Likewise the transitional years 1998, 2011, and 2015 of (SM17) continue to be found in the Mode T category of 

the present study.  

 As discussed in Section 4.2, the additions and subtractions from the transitional years category are possibly the most consequential 

changes introduced here.  The addition to the catalog of the 1877 and 1909 equinoctial storm years alters the prior conclusion of (SM17) that the 

transitional years are ‘unfavorable for GDS occurrence.’  This change has come about as a direct response to the recognition of the likely role of 

the second derivative d2L/dt2 in GDS triggering. These changes thus reflect the evolution of our understanding, rather than any shortcoming of the 

prior work. 

 The change of status of the 1975 year from the storm-free category (SM17) to a GDS year (this study) is likewise consequential.  No 

significant differences to the results of the investigation follow from this change, however.  The same is true for the correction to the inception 

date of the 1994 GDS (Section 2). 
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Figure S1. Second derivative waveforms for Mode 1 events of Figure 5 of the main paper. 
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Figure S2. Waveforms and torque episodes for GDS years not included in Figure 11, rotated by 90 degrees for improved visibility in this 

document. See Section 4.5 for explanation of color coding. 
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Table S1.   Mode 1 d2L/dt2 peak times. Table S3 includes full precision results. 
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Table S2. Category Changes for this Study 

 

(To accompany Text S3) 

 

 


