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In this Online Appendix, we present additional results for the paper “Bond Variance

Risk Premiums.” Appendix A describes our procedure to convert options on futures

to options on forwards. Appendix B compares our implied volatility index constructed

using Treasury futures options with existing implied volatility indices such as the Bank

of America/Merrill Lynch MOVE index. Finally, Appendix C provides some additional

predictive regression results omitted in the main paper.

Appendix A Futures and Forwards

Our theory is based on forward prices for tractability. However, since in our empirical

implementation we only have options on futures available, we first need to convert futures

to forward prices. A plethora of literature has studied the differences between the for-

ward price and the futures price when interest rates are stochastic. For example, Flesaker

(1993) uses a Heath, Jarrow, and Morton (1992) model with constant volatility and de-

rives closed-form equations for Eurodollar futures and forward prices. He shows that for

contract maturities up to around six months, the futures prices are not significantly dif-

ferent from the corresponding forward prices. In the following, we describe our procedure

to adjust for the future/forward feature and the early exercise premium. The adjustment

is done in three steps.

We first need to assume dynamics for the short-term rate which we posit to be a simple

Vasicek (1977) model:

drt = κ (µ− rt) dt+ σdW P
t
, (OA-1)

where κ, µ and σ are assumed to be constant parameters and W P is a Brownian motion

under the physical probability P. Under the risk-neutral probability Q, the dynamics

become:

drt = κ (θ − rt) dt+ σdWQ
t ,



where θ ≡ µ − λσ/κ and λ is the constant risk premium and WQ
t is a Brownian motion

under the risk-neutral measure.

Let the price of a coupon paying bond in the Vasicek model be denoted by Pt(rt, T̃ );

the price of the futures is then given by:

Ft(rt, T, T̃ ) ≡ E
Q
t

[

Pt(rt, T̃ )
]

=

N
∑

i=1

C̄iexp
(

aF
t
(T )− bF

t
(T )rt

)

,

where C̄i are the coupons and

aF
t

= aT − (1− exp(−κ (T − t))) θbT +
σ2 (1− exp (−2κ (T − t))) b2

T

4κ
,

bF
t

= exp (−κ (T − t)) bT ,

and at and bt are given by:

at =

(

1− exp (−κ(T − t))

κ
− (T − t)

)(

θ −
σ2

2κ2

)

−
σ2

4κ3
(1− exp (−κ (T − t)))2 ,

bt =
1

κ
(1− exp (−κ (T − t))) .

We can now adjust the futures to forward prices in three steps.

1. We estimate the parameters in equation (OA-1) using the three-month T-Bill rate

available from FRED.

2. We calibrate the market price of risk λ such that the prices of out-of-the-money

American options are matched by the prices.

3. Using the market price of risk calculated in the previous step, we calculate no-

arbitrage prices of out-of-the-money European options written on the forward

coupon bearing bond using Jamshidian (1989).

Table OA-1 reports the average differences between the American options based on

futures and European options based on forwards with different maturity and different

tenor. We note that overall, the difference which is expressed in % in implied Volatility

is very small, echoing the findings in Cakici and Zhu (2001) who find only marginal

differences even for much longer maturities.

Insert Tables OA-1 here.
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Appendix B Different Implied Volatility Proxies

There exist a small number of Treasury implied volatility indices. In the following, we

outline the difference between our implied volatility proxies and the MOVE and CBOE

VXTYN indices, respectively.

Appendix B.1 MOVE

The Merrill Lynch / Bank of America Option Volatility Estimate (MOVE) is a weighted

average of one-month implied volatility on Treasury options. The weights are as follows:

20% 2-year, 20% 5-year, 40% 10-year, and 20% 30-year and reflect the proportion of

trading volumes in the over-the-counter market. In Figure OA-1 (upper panel) we plot

the MOVE together with the one-month implied volatilities from the Treasury future

options, which we label TIV 30y, TIV 10y, and TIV 5y, respectively. Overall, we note

a very high co-movement between the series. Indeed, unconditional correlations are high

among the TIV measures but also with the MOVE: For example, the TIV 30y has a

correlation of 75%, the TIV 10y one of 87% and the TIV 5y one of 84%. Despite the high

correlation between the series, there are two major differences between the TIV and the

MOVE.

Insert Figure OA-1 here.

First, the MOVE is constructed from Treasury options, which—unlike the Treasury

futures options used for the TIV—are traded over-the-counter (OTC).1 While we have

a good idea of how liquid the Treasury futures option market is, we have no data on

the Treasury options market itself since all trading is OTC. Most OTC bond options

are written with one-month or less to expiry and they usually trade at-the-money. They

are also deemed to be illiquid (see Musiela and Rutkowski (2010)).2 A further reason

1Starting in February 2013 Treasury options can be traded through NASDAQ which is offering options
on 30-year and 10-year Treasury bonds.

2The only academic paper we are aware of that looks at the liquidity in the OTC fixed income market
is by Deuskar, Gupta, and Subrahmanyam (2011) who study the liquidity of OTC interest rate caps and
floors. The authors find that the market is highly illiquid and that interest rate derivatives trade at a
discount rather than at a premium.

3



why we believe that the market is not very liquid is that Treasury options are options

written on a specific bond (unlike Treasury futures options which are written on a constant

maturity futures). Hence being short a Treasury bond option means that at expiry one

must deliver the specific off-the-run bond which is an illiquid asset itself (see Fontaine

and Garcia (2012)).

The market for Treasury futures options, on the other hand, is extremely liquid,

especially since the 1990’s. In Figure OA-2 (upper panel, left axis), we plot the daily

average number of contracts available for 30-year Treasury options. Since 1990 we observe

on average more than 104,000 contracts traded per day. The maximum was reached in

2008 when there were on average 227,000 contracts traded. For comparison, we plot the

same data for the S&P500 index in the lower panel of Figure OA-2. We note that average

numbers are much lower: The average daily number of contracts is around 21,000 which

is almost five times smaller than that of Treasury futures options. Moreover, 5y and 10y

Treasury futures are as liquid as the 30y Treasury futures options.

Insert Figure OA-2 here.

Second, the MOVE index summarizes implied volatility of options on bonds with

different tenors. This potentially leads to a biased measure of what this implied volatility

really proxies for as bonds with different duration are held by a potentially different

clientele and, hence, their prices are affected by different demand and supply dynamics

(see, e.g., Vayanos and Vila (2009)).

Appendix B.2 VXTYN

Since 23 May 2013, the CBOE is publishing an implied volatility index from 10-year

Treasury futures options, labeled VXTYN. In Figure OA-1 (lower panel) we plot the two

time series. As the VXTYN starts in January 2008 only, we only depict the time-span

for which we have both series. Despite the high co-movement, we note some differences

which are due to the way the CBOE constructs its index.

While the underlying data is the same, there are a couple of differences between the

method employed by CBOE and our method. First, the data filters we apply are different
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from what the CBOE employs. The latter only eliminates option prices which have a

zero bid price, while we have additional data screening procedures (see Section 2.3 in the

paper). For example, we also eliminate data where the prices fail to pass the no-arbitrage

boundary conditions. Moreover, we also adjust for the early exercise premium. Another

issue is that we calculate the index under the assumption of stochastic discount rates.

Since the VXTYN relies on the methodology of the VIX, interest rates are assumed to be

constant (see Chicago Board of Option Exchange (2009)).

Appendix C Predictability Before the 2008 Crisis

In the paper, we study the predictive power of TIV2 and the slope of the TIV for future

economic activity as proxied by the Chicago Fed National Activity Index and a stress

index proxied by the St. Louis Fed Stress Index. One might suspect that most of the

results are driven by the joint jump during the summer of 2008. We test this and run

predictive regressions only until August 2008. The results are reported in Tables OA-2

and OA-3.

Insert Tables OA-2 and OA-3 here.

Indeed, TIV2 loses most of its predictive power for the CFNAI once we exclude the

period from August 2008 onwards. Similarly, the slope of the TIV is less significant and

predicts future growth mainly at short horizons. For the stress index we also find that

estimated coefficients are less significant but both TIV2 and the slope are significant up

to a horizon of six to seven months.
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Tables

Table OA-1

Differences between Forwards and Futures and the Effect on Option Prices

This table reports the average difference of American options on 30y, 10y, and 5y Treasury
futures and corresponding European options on forwards with different maturities, τ ,
expressed in % of Black (1976)-implied volatility. Data is daily.

Panel A: 30y Treasury

Call Put
τ ≤ 30 30 < τ ≤ 120 120 < τ τ ≤ 30 30 < τ ≤ 120 120 < τ

Min 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Mean 0.64% 0.86% 0.91% 0.60% 0.79% 0.90%
Max 1.08% 1.75% 1.99% 1.05% 1.85% 1.99%

Panel: 10y Treasury

Call Put
τ ≤ 30 30 < τ ≤ 120 120 < τ τ ≤ 30 30 < τ ≤ 120 120 < τ

Min 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Mean 0.65% 0.81% 0.90% 0.55% 0.83% 0.87%
Max 1.05% 1.65% 1.90% 0.95% 1.68% 1.89%

Panel C: 5y Treasury

Call Put
τ ≤ 30 30 < τ ≤ 120 120 < τ τ ≤ 30 30 < τ ≤ 120 120 < τ

Min 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Mean 0.56% 0.75% 0.77% 0.56% 0.70% 0.76%
Max 0.93% 1.40% 1.40% 0.91% 1.25% 1.44%
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Table OA-2

Predictive Regressions Economic Activity

This table reports estimated coefficients from predictive regressions from the Chicago Fed Na-
tional Activity Index (CFNAI) onto the Treasury implied volatility index squared (TIV2), the
slope of the TIV, and other factors:

CFNAIt+n = βTIV
n slopeTIV

t + βslope TIV
n slopeTIV

t + . . .+ ǫt+n, n = 0, . . . , 12.

Variables are standardized, meaning we de-mean and divide by the standard deviation. t-
Statistics presented in parentheses are calculated using Newey and West (1987). Regressions
are run contemporaneously and for forecast horizons up to twelve months. Data is monthly and
runs from June 1990 to August 2008.

horizon contemp. 3m 6m 9m 12m

TIV2 -0.106 -0.044 -0.054 -0.038 -0.099
(-0.97) (-0.44) (-0.59) (-0.41) (-0.86)

Adj. R
2 1.13% 0.18% 0.28% 0.14% 1.02%

slope TIV 0.298 0.448 0.341 0.102 -0.015
(2.28) (2.92) (1.82) (0.70) (-0.11)

Adj. R2 3.46% 7.40% 4.26% 0.37% 0.01%

TIV2 -0.157 -0.143 -0.131 -0.066 -0.108
(-1.54) (-1.63) (-1.32) (-0.71) (-0.93)

slope TIV 0.356 0.518 0.406 0.139 0.046
(2.51) (3.36) (1.97) (0.94) (0.36)

Adj. R
2 5.40% 8.73% 5.32% 0.28% 0.62%

TIV2 -0.178 -0.134 -0.138 -0.068 -0.149
(-1.85) (-1.47) (-1.58) (-0.74) (-1.19)

slope TIV 0.321 0.525 0.400 0.143 0.002
(1.88) (3.08) (1.65) (0.80) (0.02)

VIX2 0.032 -0.020 0.011 0.013 0.082
(0.33) (-0.30) (0.14) (0.18) (1.45)

slope VIX 0.116 0.008 0.014 -0.059 0.027
(0.69) (0.06) (0.09) (-0.34) (0.24)

Adj. R
2 5.11% 8.01% 4.45% -0.26% 0.95%

TIV2 -0.205 -0.106 -0.075 0.029 -0.048
(-1.94) (-1.14) (-0.91) (0.36) (-0.48)

slope TIV 0.314 0.527 0.405 0.149 0.018
(1.89) (3.09) (1.68) (0.83) (0.15)

VIX2 0.032 -0.019 0.013 0.016 0.081
(0.35) (-0.29) (0.17) (0.22) (1.44)

slope VIX 0.118 0.005 0.007 -0.068 0.007
(0.72) (0.03) (0.05) (-0.39) (0.06)

slope yields -0.069 0.065 0.147 0.227 0.234
(-1.06) (0.93) (1.78) (2.34) (2.72)

Adj. R2 5.46% 8.26% 7.52% 7.83% 10.13%
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Table OA-3

Predictive Regressions Stress Index

This table reports estimated coefficients from predictive regressions from the St. Louis Fed
Stress Index (STLFSI) onto the Treasury implied volatility index squared (TIV2) and the slope
of the TIV:

STLFSIt+n = βTIV
n slopeTIV

t + βslope TIV
n slopeTIV

t + ǫt+n, n = 0, . . . , 12.

Variables are standardized, meaning we de-mean and divide by the standard deviation. t-
Statistics presented in parentheses are calculated using Newey and West (1987). Regressions
are run contemporaneously and for forecast horizons up to twelve months. Data is monthly and
runs from January 1994 to May 2012.

horizon contemp. 3m 6m 9m 12m

TIV2 -0.336 -0.359 -0.277 -0.205 -0.092
(-2.79) (-3.84) (-2.35) (-1.47) (-0.59)

Adj. R2 20.59% 21.77% 12.93% 7.06% 1.45%

slope TIV -0.477 -0.430 -0.430 -0.323 -0.233
(-3.06) (-2.52) (-2.28) (-1.74) (-1.34)

Adj. R2 14.43% 10.83% 10.66% 5.63% 2.87%

VIX2 -0.274 -0.307 -0.207 -0.153 -0.040
(-2.38) (-3.29) (-1.67) (-1.07) (-0.25)

slope TIV -0.327 -0.210 -0.279 -0.198 -0.199
(-2.11) (-1.50) (-1.52) (-1.22) (-1.33)

Adj. R2 26.27% 23.44% 16.11% 8.18% 2.49%
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Figure OA-1. TIV, MOVE and VXTYN Indices

The upper panel plots the time series of one-month Treasury implied volatility on 30y,
10y, and 5y Treasury futures options together with the Bank of America/Merrill Lynch
MOVE Index. The lower panel plots the 10y TIV together with the CBOE VXTYN.
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Figure OA-2. Trading Volume Futures Options

The upper (lower) panel plots the daily average number of contracts available year-by-
year for 30y Treasury (S&P500 index) futures options. The red bars indicate the total
number, whereas the left axis gives trading volumes for puts and calls separately.
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