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In this online appendix, we first present various descriptive statistics for

commodity returns and realized volatility, analyze the relationship between

volatility and time-to-delivery, and then provide some detail on the imple-

mentation of our realized volatility estimates. Subsequently, we construct

subsample correlation estimates and look for seasonal effects in volatility.

Finally, we present results on the relationship between commodity carry

and volatility.
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Descriptive Statistics

In Figure A.1 we plot daily log returns on the 15 commodity futures. Note

that the scale differs across panels highlighting the difference in volatility

levels across contracts. Volatility persistence patterns are evident for all

contracts, as are the presence of occasional outliers.

In Figure A.2 we plot the empirical autocorrelations functions of the daily

returns on the 15 contracts. Comparing this with the 99% confidence

intervals marked by the horizontal grey lines, the evidence for significant

daily return dynamics is weak at best.

Figure A.3 shows the empirical quantiles of daily returns scatter plotted

against the corresponding quantiles from a normal distribution. The daily

returns are generally below the 45 degree line to the left in the figures

and above the 45 degree line to the right in the figures. This indicates

that the daily return distribution is fat-tailed, as it is commonly found for

speculative assets.

Figure A.4 plots the raw daily realized volatilities for the 15 contracts and

Figure A.5 the corresponding logaritms. While the log transformation

helps diminish the outliers, it is clear that the realized volatilities contain
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some high-frequency estimation error, which we subsequently filter out

with ARMA models. A strongly persistent lower frequency component is

evident particularly from Figure A.5.

Figure A.6 shows the empirical quantiles of daily log realized volatility

scatter plotted against the corresponding quantiles from a normal distri-

bution. While certain contracts show some evidence of deviations from

log-normality in the tails, our realized volatility estimates generally provide

support for the log-nomality assumption.

Figure A.7 plots the raw realized stock market betas for the 15 contracts.

The realized betas are constructed as the ratio of two noisy estimates and

so are themselves naturally quite noisy. We filter out some of this noise

using ARMA models below.

Volatility and Time to Delivery

Kamara (1984), Anderson (1985) and Bessembinder et al. (1996) have found

evidence that futures volatility is affected by the time to delivery. In Figure

A.8 we therefore scatter plot log (RVolt) for the most active futures contract

against the number of days until the roll over to the next-maturity con-
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tract.23 The slope from regressing log (RVolt) on the days-to-roll is always

very close to zero but sometimes significant (positive or negative) due to

the large number of observations. In addition, the R2 is always < 1% except

for corn (2.7%), cotton (5.1%), and soybeans (1.2%). When reporting the

expected log (RVolt), as we often do below, any maturity effect will be

partly captured by the lagged log realized volatility in the ARMA model in

equation 3, above.

Constructing Realized Volatility

We are interested in computing daily volatility corresponding to the stan-

dard 24-hour daily close-to-close returns used in the literature. To this

end, we need to combine our realized volatility measures computed when

markets are open with overnight squared returns from the overnight gaps.

Table A.1 reports the trading intervals for each contract. The last two rows

23In 2011, the March and May contracts for cotton were never traded more than the

December contract, which is evident in Figure A.8. Similarly, the July contract for corn

in 2004 was never the most traded. Also, recall that not all calendar months are delivery

months and that the distance in months between the delivery months therefore varies.

This sometimes leaves more observations with few days to roll than with many days to

roll, which is evident in the figure for soybeans and sugar for instance.

4



of Table A.2 report the optimal loadings on the overnight squared return

and the open-to-close realized volatility when computing 24-hour volatility.

We rely on ARMA(1,1) models to filter out some of the noise inherent in

our model-free realized volatility, beta, and systematic risk ratio estimates.

Table A.3 reports the ARMA parameter estimates and various model diag-

nostics, including the first-order autocorrelation of the ARMA residuals,

and the Ljung-Box test for 5 and 21 lags. While the residual dynamics are

often significant, we prefer the simplicity of the ARMA(1,1) structure for

the purpose of filtering the model-free estimates.

Correlation by Subsamples

Table 3 in the main paper reports the cross-commodity correlations for daily

returns and log volatility. In Tables A.4-A.6 we report the same correlations

for three subsamples corresponding to the pre-crises period (2004-2008),

the crisis period (2007-2011), and the post-crisis period (2010-2014). Note

that the sub-periods overlap but are of equal length. The key findings are

reported in Figure 7.a for returns and Figure 7.b for volatilities and are

discussed in the main paper in Section III.C.
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Seasonality in Volatility

It is well known that certain commodities, in particular agriculturals, have

annual seasonal patterns in returns, see for example Kamara (1982) and

Gorton et al. (2013). We therefore investigate if commodity realized vari-

ances display seasonal patterns as well. We regress the daily realized

variance in levels for each commodity on monthly dummy variables as

well as on twenty lags of the realized variance in order to pick up the strong

persistence in volatility. Table A.7 shows that apart from natural gas, the

seasonal dummy variables are rarely significant. We acknowledge that the

lack of significance could be driven by our relatively simplistic model for

seasonality as well as our relatively short sample period covering 11 years.

Commodity Carry and Volatility

In Table A.8 we compute a commodity carry return factor for each com-

modity and then average the carry return across the commodities within

each of the commodity groups used above. We define carry using spot and
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futures prices as follows,

(8) Carryt =
St − Ft

Ft
≈ F1m,t − F2m,t

F2m,t
,

where we have used the one-month futures price as a proxy for the spot

price. Carry has been studied in a pure commodity context by Gorton et al.

(2013) among others. Koijen et al. (2018) find that assets with relatively large

carry values (e.g. high dividend yields for stocks) tend to earn relatively

high returns on average.

Panel a of Table A.8 reveals a negative (but not always significant) relation-

ship between commodity carry returns and PC1 commodity volatility for

each of our five commodity groups. For commodities, carry will be large

when convenience yields are large or when interest rates and storage costs

are low. Convenience yields are large when the physical commodity is

scarce, for example corresponding to economic expansions when volatility

is low as shown in Bloom (2014). Panel c in Table A.8 shows that PC3 also

generally has a negative relationship with carry returns. The exception is

for meats, which we have found to be unusual in other respects as well.
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Figure A.1: Daily Log Returns of Commodity Futures.
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The figure shows the daily log returns of closing prices for 15 commodity futures during
the 2004-2014 sample period. All returns are for the most active futures contract on a given
day.
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Figure A.2: Empirical Autocorrelation of Daily Commodity Futures Returns.
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The figure shows the empirical autocorrelation of log returns for 15 commodity futures
during the 2004-2014 sample period. All returns are for the most active futures contract
on a given day. Grey lines indicate 99% confidence bounds assuming that the series are
Gaussian white noise. The horizontal axis indicates the lag order in days.
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Figure A.3: Quantile-Quantile of Daily Commodity Futures Returns.
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The figure shows the empirical quantile-quantile plots of daily log return for 15 commodity
futures during the 2004-2014 sample period. All prices are for the most active futures
contract on a given day.
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Figure A.4: Daily Realized Commodity Volatility.
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The figure shows the daily realized volatility for 15 commodity futures during the 2004-
2014 sample period. All volatilities are for the most active futures contract on a given
day.
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Figure A.5: Daily Log Realized Commodity Volatility.
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The figure shows the daily log realized volatility for 15 commodity futures during the
2004-2014 sample period. All volatilities are for the most active futures contract on a given
day.
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Figure A.6: Quantile-Quantile of Daily Log Realized Commodity Volatility.
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The figure shows the empirical quantile-quantile plots of daily log realized volatility for
15 commodity futures during the 2004-2014 sample period. All volatilities are for the most
active futures contract on a given day.
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Figure A.7: Realized Stock Market Beta for 15 Commodities.
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The figure shows the daily realized stock market beta for 15 commodity futures during
the 2004-2014 sample period. The calculation follows equation 6. All co-volatilities used
are for the most active futures contract on a given day.
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Figure A.8: Daily Log Realized Volatility versus Days to Roll.
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The figure shows log realized volatility (y-axis) against days to next roll (x-axis) for 15
commodity futures during the 2004-2014 sample period. All volatilities are for the most
active contract on a given day (see Section C). One asterisk indicates significance at the
95% level and two asterisks at the 99%.
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Table A.1: Intervals of Trading for 15 Commodities.

Commodity Period Trading Interval(s)

Crude Oil, Natural Gas, and Heating Oil 5/1-2004 to 9/6-2006 00.00 - 14.30
15.15 - 12.00

12/6-2006 to 31/12-2014 00.00 - 17.15
18.00 - 12.00

Gold, Silver 5/1-2004 to 28/5-2004 00.00 - 13.30
15.15 - 12.00

1/6/2004 to 1/12-2006 00.00 - 13.30
14.00 - 12.00

4/12-2006 to 31/12-2014 00.00 - 17.15
18.00 - 12.00

Copper 5/1-2004 to 4/6-2004 00.00 - 13.00
15.15 - 12.00

7/6-2004 to 1/12-2006 00.00 - 13.00
14.00 - 12.00

4/12-2006 to 31/12-2014 00.00 - 17.15
18.00 - 12.00

Live Cattle, Lean Hogs, and Feeder Cattle 5/1-2004 to 1/6-2007 10.05 - 14.00
4/6-2007 to 31/12-2014 00.00 - 17.00

18.00 - 12.00
Corn, Soybeans, and Wheat 5/1-2004 to 7/10-2005 00.00 - 7.00

10.30 - 14.15
20.30 - 12.00

10/10-2005 to 11/1-2008 00.00 - 7.00
10.30 - 14.15
19.30 - 12.00

11/1-2008 to 30/6-2009 00.00 - 7.00
10.30 - 14.15
19.00 - 12.00

1/7-2009 to 18/5-2012 00.00 - 8.15
10.30 - 14.15
19.00 - 12.00

21/5-2012 to 5/4-2013 00.00 - 15.00
18.00 - 12.00

8/4-2013 to 31/12-2014 00.00 - 8.45
9.30 - 14.15
20.00 - 12.00

Sugar 5/1-2004 to 1/2-2007 9.00 - 00.00
2/2-2007 to 31/12-2014 2.30 - 14.00*

Coffee 5/1-2004 to 1/2-2007 9.15 - 12.30
2/2-2007 to 31/12-2014 3.30 - 14.00*

Cotton 5/1-2004 to 1/2-2007 10.30 - 14.15
2/2-2007 to 27/3-2009 3.30 - 14.45

30/3-2009 to 31/12-2014 00.00 - 14.30*
21.00 - 12.00

All times are Eastern Standard Times. The list indicates for each commodity the intraday
trading intervals available in our dataset in the sample period. * Minor changes in trading
interval occurred during this period.
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Ê
[ (r

co i,t
)2])]

Ê
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Ê
[ ( rco i,t

) 2])
]

Ê
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Table A.8: Contemporary PC Regressions on Commodity Carry
Table A.8.a: PC1,t = α + β1PC1,t−1 + β2Xt + εt

Energy Meats Metals So f ts Grains
α −0.027∗ −0.013 −0.000 −0.018 −0.013
β1 0.819∗∗ 0.830∗∗ 0.835∗∗ 0.829∗∗ 0.829∗∗

β2 −2.844∗∗ −2.115∗∗ −0.075 −3.303∗∗ −2.411∗∗

R2 0.700 0.698 0.697 0.698 0.698

Table A.8.b: PC2,t = α + β1PC2,t−1 + β2Xt + εt

Energy Meats Metals So f ts Grains
α −0.010 −0.005 −0.001 −0.018 −0.008
β1 0.671∗∗ 0.673∗∗ 0.675∗∗ 0.660∗∗ 0.669∗∗

β2 −1.012∗ −0.891 −0.487 −3.463∗∗ −1.596∗

R2 0.458 0.456 0.456 0.461 0.458

Table A.8.c: PC3,t = α + β1PC3,t−1 + β2Xt + εt

Energy Meats Metals So f ts Grains
α −0.010 0.008 −0.001 −0.014∗ −0.007
β1 0.727∗∗ 0.727∗∗ 0.734∗∗ 0.722∗∗ 0.727∗∗

β2 −1.067∗∗ 1.404∗∗ −0.810∗ −2.580∗∗ −1.459∗∗

R2 0.542 0.542 0.540 0.544 0.542

Table A.8.d: PC4,t = α + β1PC4,t−1 + β2Xt + εt

Energy Meats Metals So f ts Grains
α 0.025∗∗ 0.002 −0.001 0.000 0.014
β1 0.534∗∗ 0.575∗∗ 0.575∗∗ 0.575∗∗ 0.552∗∗

β2 2.620∗∗ 0.383 −0.625 0.034 2.695∗∗

R2 0.348 0.331 0.331 0.331 0.341

The table shows output from regression of the first four principal components of commod-
ity log volatility on its lag and commodity carry defined in equation 8. The commodity
category carry for day t is the simple arithmetic average of the day t carry for the individ-
ual commodities in the respective categories following Table 1. The principal components
are constructed as the matrix of (demeaned) log volatility for all 15 commodities multiplied
by the eigenvectors of the covariance matrix. The sample period covers 2004-2014. Two
asterisks indicates rejection of the null of zero coefficients at the 1% level and one asterisk
at the 5% level.
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