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 14 

Abstract 15 

We have inspected Racetrack Playa at Death Valley over the last 7 years and have not observed major 16 

episodes of rock movement and trail generation. We compare this null observation with the literature 17 

record of the rock movement using a Monte Carlo method and find  4-to-1 odds that the rock 18 

movement probability has systematically declined .  This statistically significant drop in movement rate 19 

may indicate a change in the probability of the required conditions for movement: we note decline in 20 

the occurrence of strong winds and in ice-forming cold in nearby weather records.  Rock movement and 21 

trail formation may serve as an indicator of climate change.  22 

 23 
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 27 

1. Introduction  28 

 29 

Rocks on flat surfaces do not, in general, move.  The evidence that rocks on Racetrack Playa, a usually 30 

dry lakebed in Death Valley National Park, occasionally do so and leave trails in the playa mud (Fig. 1), is 31 

therefore remarkable and accounts in part for this striking location’s appeal to tourists and geologists 32 

alike.  33 

Descriptions of the rock trails appear in the scientific literature beginning around 60 years ago (e.g.,Kirk, 34 

1952), although earlier anecdotal accounts exist. A widely cited investigation is that by Sharp and Carey 35 

(1976) who documented changing rock positions and trail formation between 1967 and 1973, noting 36 

major movements over several winters.   37 

We have visited the playa regularly since 2007 (in part because it is an analog for certain extraterrestrial 38 

landforms; Lorenz et al., 2010) and have not observed significant rock movement or trail formation. The 39 

purpose of this note is to assess whether this is ‘just bad luck’ or whether the probability that rock 40 

movement events occur has declined.   We first summarize the literature record of rock movements and 41 

then apply statistical tests to evaluate the mutual probabilities of the various observations.  We then 42 

explore regional meteorological data and find trends consistent with a decline in rock movement 43 

conditions.  44 

The overall rarity of moving rocks attests to the infrequent occurrence of the necessary combination of 45 

conditions for rock movement.  It follows that such conditions are found in the low-probabilty tails of 46 

distributions for the relevant factors and thus that they may be strongly sensitive to climate change.   47 

 48 



< Figure 1 > 49 

 50 

2.  Rock movement events 51 

 52 

A number of studies have documented rock movement events over periods of a few years. 53 

Unfortunately, no single complete record is known to exist over multiple decades, nor are strong 54 

negative observations (i.e., records asserting that no movement occurred over a period) generally 55 

reported.  Because the trails left by the rocks degrade with time, the formation of new trails  is generally 56 

obvious.  57 

We summarize available reports in Table 1.  The first entry is that by Sharp and Carey (1976), later 58 

expanded in the book by Sharp and Glazner (1997), which documents significant movements in  the 59 

winters of 1968/69,  1972/73 and 1973/74. 60 

The next record is almost two decades later, by Reid et al. (1995), who noted parallel sets of tracks and 61 

inferred the need in those instances of large sheets of ice. They suggest two events occurred: one in 62 

1992/1993 and one in the late 1980s. Messina and Stoffer (2000) made a GPS survey of the tracks on the 63 

playa in 1997 and reported that minimal movement occurred between 1996 and 1998.  64 

 We found one report on the internet (Jones 2009, see Table 1) indicating trail formation in late January 65 

or early February 2005.  This appears to be the most recent significant rock movement event.  We have 66 

visited the playa twice-yearly since 2007. Our disappointment leads us to question whether our 67 

observations are consistent with those in the literature. The report by Sharp and Carey (1976) of three 68 

events in five winters implies a roughly even chance of seeing movement in a given winter, i.e., a ‘fair 69 

coin’, whereas we have had six ‘tails’ in a row. 70 



 71 

 72 

3.  Statistical significance of rock movement events 73 

 Statistical tools exist to study probabilities and assess the significance of limited observations. A 74 

succinct tool that gives some initial insight is the Bernouilli trial, which evaluates the probability of 75 

binomial events (i.e., where the outcome is one of two possibilities).  Here we consider each year (or 76 

rather, each winter, as events seem principally to occur in that season) as a trial, with rock movement 77 

and the formation of trails as one outcome, and little or no movement as the other.  78 

3.1. Bernoulli trials 79 

For some given period, we assume the probability of rock movement is denoted p and the resultant 80 

probability of nonmovement is q = 1 - p.    In a sequence of n events, the likelihood P(n,k) of observing k 81 

movement events is given by  82 

P(n,k)=  [n!/(k!{n-k}!)]pkq(n-k)       (1) 83 

Although the moving rocks and their trails at Racetrack Playa are famous, very few movement events 84 

are known (and to date, none have been directly observed).  We summarize the numbers of trials and 85 

the numbers of ‘successes’ (movements)  in Table 1, which includes our own observation with timelapse 86 

cameras of playa conditions over the last six winters and twice-yearly visits to the playa, where no large-87 

scale episodes of trail formation seem to have occurred. 88 

Taking the data set overall, n = 24 (out of 44 years since the principal literature began discussion) and k = 89 

6.  Naively, this implies a likelihood of p = 0.25 that the rocks will move in a given winter.  In fact, the 90 



binomial function P(24,6) shows that this could be observed by chance (i.e, with a probability of 5% or 91 

more) for a likelihood of p = 0.13 - 0.42.    92 

However, this overall reasonable likelihood is driven by the earliest observation leading us to question if 93 

we have merely  been exceptionally unlucky to observe 0 events out of 6 winters. In fact, if we introduce 94 

the additional constraint by Messina and Stoffer (2000) that no movement was observed from 1996 to 95 

1999, we have 0 events out of 9 years observed. An internet report (Jones 2009) suggests movement did 96 

occur in February 2005  (thus 1 out of 10 years).   The binomial function for these observations is shown 97 

in Fig. 2.  We can see that these functions are quite distinct  (implying that the observations are likely 98 

not mutually consistent)  but the overlap is nonzero, it could be ‘bad luck.’  A challenge, however, in 99 

interpreting the data this way is that the results depend on how the time series is broken into ‘before’ 100 

and ‘after’ periods, during which significant observational gaps exist. 101 

< Figure 2 > 102 

 103 

3.2. Monte Carlo analysis 104 

Such incomplete information problems can be conveniently addressed with Monte Carlo methods. The 105 

observable that we aim to reproduce is the observation sequence of ‘Yes’, ‘No’, or ‘unobserved’ for the 106 

period of record.  Because some observations are of the form ‘one movement in period 19XX-19XY,’ we 107 

cannot uniquely specify the sequence, but for the purpose of this analysis, any single consistent 108 

sequence will do.  We have used the sequence 109 

‘YNNYNNYuuuuuuuuuuuYNYNNNYuuNNNuuuuuuYuNNNNNNN.’   Now for each trial t in the sequence, 110 

we choose a random number R between 0 and 1, and compare with the probability p(t)  of rock 111 

movement : if R(t) < p(t) then we record a ‘Y’, else we record ‘N’.   The resultant sequence is compared 112 



with the observed one, ignoring ‘u’ values where  no observational data exist.  If the sequences are 113 

exactly the same, the trial is a success.  Because of course this is a somewhat long sequence, an 114 

individual random trial has a very low probability of being correct;  in fact even with the best-fitting p(t) 115 

function we must run 20 million trials to get a useful number (~ 50) of successes so that less well-fitting 116 

functions can be tested against it.   We specify p(t) as a linear function of time, i.e., varying linearly 117 

between an initial value p(start) and a final one p(end), corresponding to 1969 and 2013, respectively.   118 

A matrix of 20 x 20 choices of these parameters required an overnight run of the computer program and 119 

yielded (smoothed for plotting) the results in Fig. 3.  120 

We see at once that the most likely scenario is that suggested by comparing the Bernouilli functions (the 121 

values are slightly different as a smoothly varying, rather than stepwise, change is considered), namely 122 

that the initial probability of movement p(start) is quite high, ~ 0.5, but has declined to a small value 123 

p(end) ~ 0.1 , suggesting that we may anticipate continued frustration in our attempts to observe rock 124 

movement in the future.  Lower values of p(start) lead to too few movements to be consistent with the 125 

Sharp and Carey (1976) observations, and higher values of p(end) disagree with the present record.  We 126 

see that a constant movement probability p(start) = p(end) ~ 0.3 can reproduce the observed sequence, 127 

but does so in only ~ 12 out of 20 million trials , i.e., is about 4 times less likely than the sharply declining 128 

movement probability that is most successful at generating the observed sequence.   129 

 130 

Rock movement requires that the playa be wet  (which our observations show -- assuming snowmelt or 131 

rainfall is required -- occurred on only about 46 out of ~ 300 days observed in winters 2007-2011) and 132 

that nonzero winds occur.  Extensive debate  in the literature (e.g., Reid et al., 1995) has argued that 133 

freezing is required, or not (Sharp and Glazner, 1997). Freezing conditions certainly allow rock 134 

movement to occur with lower (and thus more probable) winds than if ice is not present, more owing to 135 



the buoyant effects of ice (‘rafting’; Lorenz et al., 2011a) rather than the wind drag area effect (‘sailing’); 136 

but sufficiently strong winds can (and likely do) cause at least smaller rocks to slide without ice. While 137 

the observation of rock movement cannot discriminate between the factors, i.e., the observation only 138 

informs the combined probability of [flooding and (freezing and/or strong winds)], an observed change 139 

in rock movement frequency can require a change in one or more factors.  140 

 141 

 142 

4.  Meteorological record 143 

The question naturally arises whether  any meteorological evidence of such a change in conditions 144 

exists.  While until recently there has been no systematic record of conditions at the playa itself, nearby 145 

weather stations provide pertinent information (see also Roof and Callagan, 2003).  These records were 146 

recently reviewed with specific reference to rock movement conditions by Lorenz et al. (2011b).  147 

Here we examine two records, the Remote Automatic Weather Stations (RAWS) stations on Hunter 148 

Mountain (16 km from the playa) and Panamint (78 km away).  The RAWS stations have online 149 

meteorological data dating back to 1989 and 1988, respectively, covering the present epoch and the 150 

events observed by Reid et al. (1995).  151 

Precipitation is a prerequisite for any of the scenarios of trail movement in that the playa mud must be 152 

soft, whether the rock is moved by direct drag from very strong winds or partly floated off the lake bed 153 

by ice.  Precipitation (see Fif. 3 of Lorenz et al., 2011b) does not appear to have changed dramatically 154 

with time, although interpretation of such locally sporadic records is challenging. We furthermore know 155 

(Lorenz et al., 2011b) that the playa was flooded for some days in 2008/2009 and some weeks in 156 

2009/2010, yet no major trail formation occurred.  157 



However, for the other two parameters (wind and temperature) the conditions at the playa are more 158 

closely correlated with those at the playa itself. By histogramming the daily data from the two stations 159 

considered in two periods (pre-1996 and a recent period of comparable length, i.e. 2003-2010 -- the 160 

results are not sensitive to the exact date range chosen) we can evaluate whether conditions have 161 

changed. 162 

Formation of ice sheets or cakes (Lorenz et al., 2011a; see also Kletetschka et al., 2013) thick enough to 163 

meaningfully buoy up rocks or apply wide-area windloads requires prolonged periods where the air 164 

temperature is below zero.  According to standard calculations (e.g., http://icepredictor.com/,) several 165 

centimetres of ice can grow in ideal conditions overnight.  Thus a daily-averaged temperature below 166 

zero is a good indication of a sustained ice growth condition.  Figure 3 plots the relative frequency of 167 

occurrence of daily averaged temperatures in winter.   We see that the probability of encountering the 168 

lowest daily average temperatures has declined. Note that the Hunter Mountain and Panamint sites are 169 

at elevations of 2000 m, rather higher than Racetrack Playa at ~ 1300 m. Thus when these sites indicate 170 

a temperature of -10°C, the air temperature  at Racetrack may be as high as -3°C ; there are of course 171 

micrometeorological effects at Racetrack such as shadowing and cold-air-pooling, but these factors will 172 

not have changed with time.   The indication in Fig. 4 is that the likelihood of thick ice sheets forming has 173 

reduced.   This is consistent with general trends in global climate, e.g., the Fourth International Panel on 174 

Climate Change (IPCC, 2007) noted, ‘Almost everywhere, daily minimum temperatures are projected to 175 

increase faster than daily maximum temperatures, leading to a decrease in diurnal temperature range. 176 

Decreases in frost days are projected to occur almost everywhere in the middle and high latitudes, with 177 

a comparable increase in growing season length.’ 178 

< Figure 4 > 179 

 180 

http://icepredictor.com/


Should trails be instead  formed by rocks moved by exceptionally strong winds (in fact, as noted by 181 

Sharp and Glazner, 1997, it is all but certain that ice is involved in some trail formation events, but other 182 

events do not require it), then trends in windspeed should be examined. Specifically, since trail 183 

formation may require only a few seconds of motion, the peak gust statistics are most relevant.  We see 184 

in Figure 5 that the peak recorded gusts have strongly declined at both stations.  185 

< Figure 5 > 186 

It is possible that microclimate changes have occurred at the RAWS sites due to, e.g.,  nearby tree 187 

growth that may attenuate local winds. However,  winds in the USA more generally, and especially the 188 

strongest winds, have declined in recent decades (Pryor et al., 2011) so the local record is consistent 189 

with broader trends. 190 

 191 

5.  Conclusions 192 

The popular interest in the sliding stones at Racetrack, and the relative simplicity of the record 193 

presented here, makes it a pedagogically useful example of the application of statistical methods to 194 

establish the significance of rare events -- we note five events in 7 years prior to 1995, but only one 195 

event in 10 years since.  There remains a modest chance (~ 25%) that the last few years of non-196 

movement are simply ‘bad luck.’  However, the most likely scenario is that the annual probability of a 197 

trail-forming event has declined over the period 1969-2013, perhaps by as much as a factor of five.  The 198 

meteorological record does not discriminate between rock-movement mechanism (winds vs. ice), but 199 

nearby measurements appear to be consistent with reducing probabilities of strong winds and of ice 200 

formation, either of which may be the dominant factor.   The uncomfortable possibility exists that the 201 



rate of trail formation may be in systematic decline; and presently, trail formation may occur only every 202 

decade or so instead of every couple of years as observed in the 1970s.  203 

 204 
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 242 

Figure Captions 243 

 244 

Fig. 1.   View of the playa looking north in May 2013 from the base of the dolomite cliffs at its southern 245 

margin.  Many rocks are present, having fallen and rolled from the source cliffs (or having been placed 246 

there). Only a few faint and topographically subdued trails are present. 247 

Fig. 2.  Probabilities of observing (k of n) successes in n trials, as a function of the underlying probability 248 

p of success.  For our nondetection of movement (0 of 6), clearly the most likely scenario on this data 249 

alone is that p = 0, but ‘bad luck’ (P(k)>0.05) is still viable for p <~ 0.34.   A range of 0.17 < p < 0.58 is 250 

suggested by the combined Sharp and Carey (1976) and Reid et al. (1995) data.   251 

Fig. 3.  A contour plot of the relative success of a linearly varying probability model to reproduce the 252 

observed movement sequence. The contours are relative to the most successful trial, which actually had 253 

an absolute success rate of only 2.6E-6.  The dashed line shows the locus of constant-probability models, 254 

which are at best ~ 25% as successful as the best model of p(start) ~ 0.55, p(end) ~ 0.06. 255 

Fig. 4.   Two weather stations near Racetrack Playa are examined for the lowest daily average 256 

temperatures (a proxy for ice formation potential)  during the last 95 or first 90 days of the year, with 257 

data prior to 1996 and after 2003 examined separately.  For both stations, the probability of 258 

encountering the coldest temperatures has declined, and thus ice seems less likely to form in the recent 259 

epoch. 260 

Fig. 5.   Two weather stations near Racetrack Playa are examined for the largest wind gust encountered 261 

during the last 95 or first 90 days of the year, with data prior to 1996 and after 2003 examined 262 

separately.  For both stations, the probability of encountering the highest winds has declined. 263 



Table 1.  Documented occurrences and nonoccurrences of rock movement at Racetrack Playa.   1 

Period Interpreted  

rate 

Movement  

description 

Source 

1969-1976 3 / 7 ‘10 of 25 rocks moved in first winter;   

major episodes of movement recorded 

in two of the following six winters’ 

Sharp and Glazner, 1997 

(Sharp and Carey, 1976) 

1987-1994 2 / 7 ‘evidence for two major movement 

events, one in the late 1980s 

and another in late 1992 or early 1993’ 

Reid et al., 1995 

1996-1999 0 / 3 ‘Little modification, only 4 rocks 

repositioned 1997-1998’ 

Messina and Stoffer, 2000 

2005 1 / 1 ‘January 2005 covered with up to 6 

inches of water…twelve days later an 

abundance of long new tracks’ 

Jones, 2009a 

2007-2013 0 / 6 Only isolated small movements noted This work 

Summary 

1969-2013 

6 / 24 24 winters observed and reported 

6 movement events noted 

This work 

Pre-1995 5/14   

Post-1995 1/10   

 2 

ahttp://www.groundtruthinvestigations.com/photography/travel/death_valley.html, downloaded 12 3 

May 2013 4 

Table

http://www.groundtruthinvestigations.com/photography/travel/death_valley.html
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