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A Data Appendix

This appendix details the construction of the data used in the paper, primarily focusing

on how we use interest rate futures contracts to derive implied measures of expected future

interest rates. In the paper, we use federal funds futures contracts, overnight-indexed

swaps (USD-OIS) contracts, and Eurodollar contracts. Below, we detail how we use each

type of interest rate futures contract to extract various measures of investors’ interest-rate

expectations.

A.1 Federal Funds Futures Contracts

Federal funds futures contracts settle based on the average of the daily effective federal

funds rate during the contract expiration month. FOMC meetings typically occur in the

middle of the month. Thus, we must take account of the date of the meeting relative to the

number of days in the month when extracting the expected federal funds rate changes at

future FOMC meetings. The method and notation below for extracting these unexpected

policy surprises follows from Gurkaynak (2005). We obtain daily data on the closing price

of federal funds futures contracts obtained through Haver Analytics.

Let p
i(j)
t denote the price at time t of the federal funds futures contract expiring in month

i(j), where j = 0, . . . , 7 indexes the current to the 7th-upcoming FOMC meeting, and i(j)

denotes the month of the j-th upcoming meeting. The time t expectation of the average

effective federal funds rate rate implied by the futures contract expiring i(j) months ahead

is f
i(j)
t = 100 − p

i(j)
t . Finally, let dj denote the day of the month of the j-th upcoming

FOMC meeting and mj denote the total number of days in the month in which the j-th

next FOMC meeting takes place.

Surprise Component of the Current Target Federal Funds Rate

The day before the current FOMC meeting, the spot-month federal funds future contract

satisfies:

f 0
t−1 =

d0
m0

r−1 +
m0 − d0
m0

Et−1(r0) + µ0
t−1, (1)

where r−1 is the annualized target federal funds rate prevailing before the meeting (which is

assumed to equal the effective federal funds rate each day of the month before the meeting)

and r0 is the annualized target federal funds rate after the meeting the next day. The

term µ0
t−1 is the term-premium for the spot-month federal funds futures contract which we
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assume is constant between the day before and the day of the FOMC meeting.

The next day after the FOMC’s rate decision, at time t, the spot-month federal funds future

contract satisfies:

f 0
t =

d0
m0

r−1 +
m0 − d0
m0

r0 + µ0
t . (2)

Combining Equations 1 and 2, the unexpected policy surprise in the target federal funds

rate is, denoted by e0t , is defined by:

e0t ≡ r0 − Et−1(r0) =
[(
f 0
t − f 0

t−1

)
−
(
µ0
t − µ0

t−1

)] m0

m0 − d0
=
(
f 0
t − f 0

t−1

) m0

m0 − d0
(3)

where the last equality follows from the assumption that the term-premium for the spot-

month federal funds futures contract is constant between the day before and the day of the

FOMC meeting. In practice, this assumption is reasonable except for meetings late in the

month for which any small change in term-premia between the day-before and the day-of

the FOMC meeting would be magnified by m0/(m0 − d0). To get around this large scaling

factor, anytime the scale factor – m0/(m0−d0) – is greater than 4, we use the next month’s

contract instead of the current month contract. In this case, e0t = f 1
t − f 1

t−1 since there is

no meeting the subsequent month.

Surprise Component of the Funds Rate Expected at 1st-Upcoming Meeting

While e0t captures the monetary policy surprise generated by changes in the current target

federal funds rate, forward guidance influences expectations about the future path of the

federal funds rate. Therefore, to extract policy surprises in the future path of interest

rates, we assume investors know the dates of future FOMC meetings and we extract how

their expectations of rate changes evolve around each FOMC meeting. The day before

the current FOMC meeting, the federal funds future contract expiring i(1) months ahead,

which is the month of the 1st-upcoming FOMC meeting, satisfies:

f
i(1)
t−1 =

d1
m1

Et−1(r0) +
m1 − d1
m1

Et−1(r1) + µ1
t−1, (4)

where r0 is the annualized target federal funds rate rate set after the current meeting

(which takes place the next day) and r1 is the annualized target federal funds rate rate

set after the first next meeting (which takes place i(1) months in the future). The term

µ1
t−1 is the term-premium for the federal funds futures contract expiring i(1) months ahead,

which is assumed to be constant between the day before and the day of the FOMC meeting.
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The next day after the FOMC issues its statement and any possible forward guidance at

time t, the federal funds future contract expiring i(1) months ahead, which is the month in

which the 1st-upcoming FOMC meeting takes place, satisfies:

f
i(1)
t =

d1
m1

Et(r0) +
m1 − d1
m1

Et(r1) + µ1
t . (5)

Combining Equations 4 and 5, the unexpected policy surprise in the federal funds rate

expected to prevail after the 1st next FOMC meeting, denoted by e1t , is defined by:

e1t ≡ Et(r1)− Et−1(r1) =

[(
f
i(1)
t − f i(1)

t−1

)
− d1
m1

e0t

]
m1

m1 − d1
(6)

where the last equality follows from the assumption that the term-premium for the federal

funds futures contract expiring i(1) months ahead is constant between the day before and

the day of the FOMC meeting. Once again, anytime the scale factor – m1/(m1 − d1) – is

greater than 4, we use the next month’s contract, which implies e1t = f
i(1)+1
t − f i(1)+1

t−1 .

Surprise Component of the Funds Rate Expected at j-th Upcoming Meeting

Following this same recursion, the unexpected policy surprise in the federal funds rate

expected to prevail after the j-th next FOMC meeting, denoted by ejt , is defined by:

ejt ≡ Et(rj)− Et−1(rj) =

[(
f
i(j)
t − f i(j)

t−1

)
− dj
mj

ej−1
t

]
mj

mj − dj
, (7)

where rj is the annualized target federal funds rate rate set after the j-th next meet-

ing (which takes place i(j) months in the future). Once again, anytime the scale factor

– mj/(mj − dj) – is greater than 4, we use the next month’s contract, which implies

ejt = f
i(j)+1
t − f i(j)+1

t−1 .

A.2 USD OIS and Eurodollar Futures Contracts

Unlike federal funds futures contracts, USD OIS and USD Eurodollar futures contracts don’t

settle based on the average of their underlying instrument during the settlement month.

Therefore, there is no scaling necessary when using these interest rate futures contracts to

extract expectations about the future path of monetary policy.
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Surprise Component of the Funds Rate Implied by USD OIS contracts

We obtain daily data on the closing price of USD OIS contracts from Bloomberg with

contracts maturing i = 12, 15, 18, 21, 24, 36 months into the future. Let r̄i denote the

average annualized effective federal funds rate during the life of the OIS contract maturing

i months in the future. Also, let po,it denote the time t closing price of the USD-OIS contract

expiring i months in the future and f o,i
t = 100 − po,it denote the implied rate. Then, the

unexpected policy surprise, as implied by the OIS contract maturing i months in the future,

emanating from the FOMC meeting occurring at time t, is:

oit ≡ Et(r̄i)− Et−1(r̄i) = f o,i
t − f

o,i
t−1. (8)

Surprise Component of the Funds Rate Implied by Eurodollar Futures

We obtain daily data on the closing price of USD Eurodollar futures contracts from Haver

Analytics with contracts maturing i = 6, 9, 12, 15, 18, 21, 24, 27 months into the future.

Let ri denote the annualized 3-month USD LIBOR interest rate on the third Wednesday i

months in the future. Also, let px,it denote the time t closing price of the Eurodollar contract

expiring i months in the future and fx,i
t = 100 − px,it denote the implied rate. Then, the

unexpected policy surprise, as implied by the Eurodollar contract maturing i months in the

future, emanating from the FOMC meeting occurring at time t, is:

xit ≡ Et(ri)− Et−1(ri) = fx,i
t − f

x,i
t−1. (9)

A.3 Principle Components & Path Factors

In a few of the exercises in the paper, we use principal component analysis to compress

all of the information from numerous interest rate futures contracts into a single indicator.

Below, we briefly summarize how we generate these principle components, which we denote

as path factors following the terminology in Gurkaynak, Sack and Swanson (2005).

Federal Funds Futures Path Factor: Our federal funds future path factor is the first

principle component of the cumulative sum of e3t , e
4
t , e

5
t , e

6
t , e

7
t from December 2008 to

June 2015. Prior to computing the principle component, we standardize each series

so that they are mean zero and have a standard deviation of one. The first principle

component explains 94.23% of the variation in these five policy surprises.

USD OIS Path Factor: Our federal funds future path factor is the first principle com-

ponent of the cumulative sum of o12t , o
15
t , o

18
t , o

21
t , o

24
t , o

36
t from December 2008 to June

5



2015. Prior to computing the principle component, we standardize each series so

that they are mean zero and have a standard deviation of one. The first principle

component explains 92.43% of the variation in these six policy surprises.

Eurodollar Path Factor: Our federal funds future path factor is the first principle com-

ponent of the cumulative sum of x6t , x
9
t , x

12
t , x

15
t , x

18
t , x

21
t , x

24
t , x

27
t from December 2008

to June 2015. Prior to computing the principle component, we standardize each series

so that they are mean zero and have a standard deviation of one. The first principle

component explains 96.20% of the variation in these eight policy surprises.

Gurkaynak, Sack, and Swanson (2005) Path Factor

To generate the Gurkaynak, Sack and Swanson (2005) path factor ,we standardize e0, e1,

x6t , x
9
t , x

12
t , x

15
t , x

18
t , x

21
t , x

24
t , x

27
t such that each series has a mean of zero and a standard

deviation of one. Then, we extract the first two principle components of these 10 time-

series, denoted by f 1 and f 2, over the sample January 1994 to September 2015. Next, we

standardize f 1 and f 2 and then calculate the loading of e0 on the standardized f 1 and f 2

by running the OLS regressions e0t = γ1f
1
t + εt and e0t = γ2f

2
t + εt.

With the factor loadings γ1 and γ2 in hand, we transform f 1 and f 2 into z1 (the target

factor) and z2 (the path factor) using the linear transformation:

[
z1 z2

]
=
[
f 1 f 2

] [ α1 β1

α2 β2

]
. (10)

The matrix elements α1, α2, β1, β2 are identified from the four restrictions:

Restrictions 1 and 2: The columns of the transforming matrix have unit length (so that

the target and path factors have a standard deviation of 1).

α2
1 + α2

2 = 1

β2
1 + β2

2 = 1

Restriction 3: The target and path factors remain orthogonal after the transformation.

E(z1z2) = α1β1 + α2β2 = 0
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Restriction 4: The path factor has no influence on the current policy surprise e0. Since,

f 1 =
1

α1β2 + α2β1
[β2z

1 − α2z
2]

f 2 =
1

α1β2 + α2β1
[α1z

2 − β2z1],

then the effect of a change in z2 on e0 is defined by:

de0

dz2
=
de0

df 1

df 1

dz2
+
de0

df 2

df 2

dz2
= −γ1

α2

α1β2 + α2β1
+ γ2

α1

α1β2 + α2β1
= 0

This implies the parameter restriction that: γ2α1 = γ1α2.

Finally, we rescale the resulting z1 and z2 vectors. We scale the target factor so that

e0 has a one-for-one effect on it by regressing e0t = βz1t + εt and then setting ztarget = βz1.

Then, we scale the path factor so that it has the same magnitude effect on x18 as ztarget

by regressing x18t = βtargetz
target
t + εt and x18t = βpathz

2
t + εt and then setting zpath =

βpath/βtargetz
2.
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B Numerical Solution Method

To analyze the impact of forward guidance shocks at the zero lower bound, we solve the

model using the policy function iteration method of Coleman (1990). This global approx-

imation method allows us to model the occasionally-binding zero lower bound constraint.

In addition, the method can solve for the model-implied futures prices without invoking the

expectations hypothesis. This section provides the details of the algorithm. The algorithm

is implemented using the following steps:

1. Discretize the state variables of the model:
{
Ct−1 ×Rd

t−1 × at × νt
}

2. Conjecture initial guesses for the policy functions of the model:

Nt = N(Ct−1, R
d
t−1, at, νt), Πt = Π(Ct−1, R

d
t−1, at, νt), R

R
t = R(Ct−1, R

d
t−1, at, νt),

f 1
t = f 1(Ct−1, R

d
t−1, at, νt), f

2
t = f 2(Ct−1, R

d
t−1, at, νt), f

3
t = f 3(Ct−1, R

d
t−1, at, νt),

f 4
t = f 4(Ct−1, R

d
t−1, at, νt), f

5
t = f 5(Ct−1, R

d
t−1, at, νt), f

6
t = f 6(Ct−1, R

d
t−1, at, νt),

f 7
t = f 7(Ct−1, R

d
t−1, at, νt), f

8
t = f 8(Ct−1, R

d
t−1, at, νt), f

9
t = f 9(Ct−1, R

d
t−1, at, νt),

f 10
t = f 10(Ct−1, R

d
t−1, at, νt), f

11
t = f 11(Ct−1, R

d
t−1, at, νt), f

12
t = f 12(Ct−1, R

d
t−1, at, νt).

3. For each point in the discretized state space, substitute the current policy functions

into the equilibrium conditions of the model. Use interpolation and numerical inte-

gration over the exogenous state variables {at+1 × νt+1} to compute expectations for

each Euler equation. This operation generates a nonlinear system of equations. The

solution to this system of equations provides an updated value for the policy functions

at that point in the state space. The solution method enforces the zero lower bound

for each point in the state space and in expectation.

4. Repeat Step (3) for each point in the state space until the policy functions converge

and cease to be updated.

We implement the policy function iteration method in FORTRAN using the nonlinear equation

solver DNEQNF from the IMSL numerical library. We parallelize the solution method using

OPENMP.
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