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Abstract

We use forecast errors made by the Federal Reserve while preparing open market
operations to identify a liquidity effect at a daily frequency in the federal funds market.
Unlike Hamilton (1997), we find a liquidity effect on many days of the reserve
maintenance period besides settlement day. The effect is non-linear; large changes in
supply have a measurable effect but small changes do not. In addition, a higher
aggregate level of reserve balances in the banking system is associated with a smaller
liquidity effect during the maintenance period but a larger liquidity effect on the last days
of the period.
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I. Introduction

The ability of the Federal Reserve to control the federal funds rate is taken for
granted. Each morning, the trading desk (the Desk) at the Federal Reserve Bank of New
York (FRB-NY) conducts open market operations to adjust the supply of reserves in the
banking system in order to achieve the target for the funds rate set by the FOMC. This
manipulation of reserves to affect the funds rate relies on a presumption of a liquidity
effect. Specifically, it is assumed that a greater supply of reserves will tend to cause the
funds rate to fall ceteris paribus, and likewise, a reduction in the supply of reserves will
tend to cause the funds rate to rise.

Hamilton (1997) tested whether this relationship exists at the daily frequency.
His results suggest that a significant liquidity effect exists at the daily level only on
“settlement Wednesday.” That is to say, on the last day of the bi-weekly periods over
which banks must satisfy their reserve requirements. In a reinterpretation of Hamilton’s
work, Thornton (2001) suggests that the evidence is questionable. He argues that
Hamilton’s results rely primarily on a small number of observations with large
movements in the funds rate. Excluding these observations, Thornton does not find
evidence of a daily frequency liquidity effect. Previous researchers (e.g. Reichenstein
(1987), Leeper and Gordon (1992), Strongin (1995)), analyzing lower frequency data,
have noted a similar lack of correlation between monetary aggregates and various interest
rates, calling this the “liquidity puzzle.”

In this paper, we present strong empirical support for a daily liquidity effect.
Moreover, we find evidence of the liquidity effect on several days within the maintenance
period, not simply on settlement Wednesdays. Building on these results, we examine

some determinants of the magnitude of the liquidity effect. We find that appropriately



defined “small” exogenous changes in the supply of reserves do not have a statistically
significant effect on the funds rate whereas “large” changes in reserves do, suggesting a
non-linearity in the liquidity effect. Next, we ask what effect the aggregate level of
reserve balances in the system has on the liquidity effect. We find evidence that higher
levels of reserve balances lead to an attenuated liquidity effect in the middle of the
maintenance period, but a stronger liquidity effect at the end of the maintenance period.

The supply of Fed balances is determined by the Desk’s open market operations,
discount window lending, and the movements in autonomous factors on the Fed’s
balance sheet. Autonomous factors consist of Federal Reserve assets and liabilities over
which the Desk has little or no control. Hamilton used errors in forecasts of one of these
autonomous factors, the Treasury’s balance at the Federal Reserve, to identify exogenous
shifts in the supply of reserves. While in principle this approach is valid, the forecasts are
made from historical data, and thus do not necessarily correspond to actual daily
exogenous changes in reserves. Hamilton would like to have an unbiased estimate of the
level of reserves in the banking sector that is consistent with the funds rate at the target
rate and estimate the effect on the funds rate when the realized value deviates. However,
he has one imperfect measure of only one factor affecting the supply of reserves in the
market. We propose a more accurate and more complete measure.

Each morning, staff at the Federal Reserve Bank of New York and the Board of
Governors make a forecast of all of the factors that affect the supply of reserves in the
market. Conditional on these forecasts, the Desk performs an open market operation to
equate the supply of reserves with the quantity of reserves that would be demanded that

day at the target funds rate. In other words, there is an implicit model of a negatively



sloped demand curve and a vertical supply curve, with supply adjusted to achieve
equilibrium at the target rate.

In evaluating the daily demand for reserves, the Desk considers various factors
such as the day of the maintenance period, days when payment-related flows are likely to
be elevated, etc. (see Demiralp and Farley (2004) for a detailed discussion of the
determinants of daily open market operations). This implies that the quantity of reserves
supplied to the market is shifted to account for daily changes in the demand for reserves.
When there is a mismatch between the Desk’s forecast of the supply of reserves and the
actual supply of reserves that is realized in the banking system, the difference—or
forecast miss—is an exogenous shift in the supply of reserves. We use the daily forecast
miss to identify exogenous shifts in the supply of reserves.! Because the Desk achieves
the target rate on average, the correlation between the daily forecast miss and the
deviation of the funds rate from the target allows us to estimate the liquidity effect at the

daily frequency.

Under our identification scheme, we estimate a statistically significant negative
relationship between changes in the supply of reserves and the federal funds rate. We
find that many, but not all, days within a maintenance period exhibit a liquidity effect.
Echoing Hamilton’s findings, the effect is particularly strong on settlement Wednesday.
We believe our measure is superior to Hamilton’s measure in that it is not based on an
estimate of a reserves miss, but is the reserves miss itself. Moreover, we find that the
results are statistically significant after 1994 when the Federal Reserve began announcing

changes to the target rate. It has been speculated, for example by Thornton (2001) that

! More specifically, we take the Board staff forecast to calculate the miss. As a robustness check, we also
use the forecast miss from the FRB-NY and the average of the two. The results are essentially the same.
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following the announcement of the target, manipulation of reserves was no longer needed
to maintain the funds rate target and thus there ought not be a liquidity effect. In contrast,
we find that the liquidity effect is evident in the post-1994 sample. In fact, if there is a
downward sloping demand curve for reserves, so-called “open mouth operations” would
only be able to change the funds rate to the new target by shifting the demand curve
through expectations of a different future rate, while a manipulation of reserves would
still be required to maintain the target. In this respect, our results are not inconsistent

with the view that announcement effects are important in the daily market.

The following section lays out an overview of the literature on the liquidity
effect, putting the current work into context. The next section explores the federal funds
market in some detail and explains the institutional characteristics that allow us to
identify shifts in the supply of reserves. Next, we present our empirical specification and
our results. The final section concludes, drawing comparisons between the current work
and previous work, as well as the results from a related paper on the liquidity effect at the

monthly frequency.

IL. The Liquidity Effect and the so-called Liquidity Puzzle

Generally speaking, the liquidity effect is a negative relationship between a
measure of money and an interest rate. The economics literature has no shortage of
papers that investigate this type of relationship, including e.g. Cochrane (1989), Gali
(1992), Leeper and Gordon (1992), Strongin (1995), Pagan and Robertson (1995),
Christiano (1991), Bernanke and Mihov (1998), Hamilton (1997), and Thornton (2001).
The methodologies and the results are mixed; some researchers have not found a

consistent relationship—the “liquidity puzzle”—while other researchers have.



At the heart of all the analysis is a demand curve for some type of money that in
principle depends negatively on an interest rate. The liquidity effect, then, can be thought
of as directly related to the slope of this demand curve. Leeper and Gordon (1992),
Pagan and Robertson (1995), and others have used a monetary aggregate (M1 or M2) and
an open market interest rate (such as the yield on the three-month Treasury bill) to test for
the liquidity effect. The fact that results are not robust in this setting is taken to be a lack
of evidence for a liquidity effect. However, money demand models for the aggregates are
notoriously unstable. Furthermore, changes in broad monetary aggregates are likely to
suffer from an endogeneity problem where they embody policy accommodation of
demand in addition to exogenous shifts in demand. As a result, failure to estimate a
liquidity effect could simply be a misspecification or a shifting of an underlying demand
function.

Strongin (1995), Bernanke and Mihov (1998) and others specifically interested in
the transmission mechanism explicitly model the federal funds market to estimate a
liquidity effect. In particular, Strongin notes that the failure of other researchers to find a
liquidity effect can be traced, at least in part, to a failure to account for the Federal
Reserve’s accommodation of shifts in the demand for money or reserves. Bernanke and
Mihov point out that testing for a liquidity effect with monetary aggregates is
inappropriate for similar reasons. Explicitly modeling the market of nonborrowed
reserves, these researchers find a significant liquidity effect at the monthly frequency.

This set of results is closely linked to results in Carpenter and Demiralp (2004)
who also find strong evidence of a liquidity effect at the monthly frequency. That study,
however, also highlights the importance of understanding why a liquidity effect may not

be present. They note that, looking at contemporaneous correlations, there is a liquidity



effect with respect to total reserve balances and the federal funds rate. This relationship
however, does not hold when only nonborrowed reserves are studied. Because reserve
requirements are determined by a bank’s customers’ demand for reservable deposits,
which may or may not depend on the funds rate in a simple way, there is no reason to
expect a liquidity effect between nonborrowed reserves and the funds rate in periods

when required reserve balances constitute the majority of banks reserve balances.

In his influential work, Hamilton (1997) presents an empirical model of the funds
market at the daily frequency and attempts to estimate a liquidity effect. The Treasury
maintains an account with the Federal Reserve and each day funds are transferred in and
out of this account. As funds are transferred in, they are drained from the banking sector,
and thus the federal funds market. Hamilton exploits this relationship and estimates a
forecasting equation for the Treasury’s Fed account. If this forecasting equation is
unbiased, then deviations from the forecast ought to, on average, represent exogenous
shifts in the supply of reserves, allowing him to identify the liquidity effect. Hamilton’s
results suggest that there is a liquidity effect at the daily frequency, however the effect is
only statistically significant on the last two days of a maintenance period. Moreover, the
point estimate for the penultimate day of the maintenance period is not economically
significant. Hamilton’s work suggests a liquidity effect, but a very specific one, confined

to the last day of a maintenance period.

Thornton (2001) re-examines Hamilton’s results and argues that the liquidity
effect cannot be identified because it is almost impossible to correctly identify the error
that the Fed makes in forecasting the Treasury balance. Moreover, Thornton finds that

Hamilton’s settlement Wednesday result is “fragile and it arises due to a few settlement



Wednesdays when there were unusually large changes in the funds rate.” Thornton goes
on to argue that the liquidity effect can be identified by examining changes in
nonborrowed reserves following a change in the target rate. He concludes that the
quantities of changes in nonborrowed reserves are relatively small, and thus likely are

only signals of a change in target, but not evidence of a liquidity effect itself.

In this paper, we follow these two researchers in examining daily data. In the
next section, we explain the daily forecasting and operation procedures of the Federal
Reserve and argue that the difference between the actual supply of reserves on a day and
the forecast used in determining open market operations provides an exogenous shift in

the supply of reserves in the funds market.

III.  The federal funds market and the supply of reserves

The Desk at FRB-NY conducts open market operations, in an attempt to equalize
the demand for and supply of reserve balances in the banking sector at the target federal
funds rate. Demand for reserves comes from two primary sources, clearing needs and
reserve requirements. Because banks use their Federal Reserve accounts to clear
transactions for themselves and their customers, the demand for reserves tends to be
higher on days with large expected volumes of payments, such as month-, quarter-, and
year-end. In addition, over a two-week maintenance period, banks are required to hold,
on average, a quantity of reserves at the Fed proportional to the quantity of transactions
deposits at the bank over the previous two-week computation period. Demand for
required reserve balances, therefore, can be easily substituted across all fourteen days in a

maintenance period, however balances held on a Friday are carried over for both



Saturday and Sunday. Similarly, starting in 1981 under the Monetary Control Act, banks
are able to establish contractual clearing balances with their Federal Reserve Bank,
agreeing in advance to maintain a specified level of balances, above and beyond their
reserve requirements. In exchange for committing to hold these balances, banks are paid
a form of implicit interest on the contractual clearing balances. Specifically, banks are
given credits applicable to priced services they receive from their Federal Reserve Bank,
and these credits until January 2004 were tied to the funds rate that prevailed over the

maintenance period and since then are tied to a fraction of the three-month Treasury bill.

As can be seen in Figure 1, total reserve balances, the sum of required reserve
balances, contractual clearing balances, and excess balances, have declined on average
over the past decade. This decline is due to several factors including decreases in
required reserve ratios and the advent of “sweep accounts” whereby banks move deposits
from reservable demand deposits into savings accounts that have a reserve requirement of
zero. Because this shift has taken place through time, it is unlikely to have much of an

impact on our estimation of the daily frequency liquidity effect.

Excluding contractual clearing balances, reserve balances do not earn any interest.
Therefore, banks would like to minimize their holdings of excess reserve balances except
to avoid a costly overdraft of their account. For that reason, given the intra-maintenance
period substitutability of reserve balances, banks are somewhat hesitant to hold large
balances of reserves early in the maintenance period. Figure 2 presents the average
pattern of excess reserve balances over a maintenance period from 1989 to present.
Banks are often deficient in their reserve requirements early in a maintenance period

where their primary objective is to meet their payment-related balances that they must



hold to avoid overnight overdrafts. They make up the deficiency in the latter part of the
period when they have better information about their period-average reserve needs and

still satisfy their requirements.

In the context of a simple model, we think of the demand for reserve balances, d,,

as a function:

dtzy(fwat)-}'gt (1)

where ff, is the federal funds rate and X, is the set of all other variables that affect
demand like the day of the maintenance period or days of heavy transaction flows, and ¢,

is a random error term. Note that we do not consider the function to necessarily be linear

or separable among these variables.

Each morning, staff at FRB-NY and at the Board of Governors in Washington,
D.C. make forecasts of all the factors that affect the supply of reserves. The most
important among these factors are currency, check float, and the Treasury’s balance at the
Fed. Currency is introduced into circulation when banks request a shipment from their
Federal Reserve Bank. The value of the currency shipment is then debited from the
bank’s reserve account. Thus, in times of higher public demand for currency, ceteris
paribus, reserves are drained from the system. During the processing of checks, there are
occasionally delays in the presentation of checks to banks on which they are drawn. As a
result, check float can be created if the receiving bank has been credited before the
drawing bank is debited. In this case, reserves in the banking system would be increased

until the double counting is undone. Conversely, if the paying institution’s account is
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debited faster than the schedule for crediting the receiving institution’s account, reserve
balances are reduced. As discussed above, the Treasury maintains an account at the
Federal Reserve, from which all federal payments are made. When a payment is made
out of this account, funds are transferred from the Treasury account into the reserve
account of the receiving bank. As a result, payments from the Treasury account increase
reserve balances and receipts to the Treasury account drain reserve balances. Note that
this effect on reserve balances does not depend on the recipient/payer of the funds. When
a private citizen pays his/her taxes, for example, the check used for payment is drawn on

a bank. When the check is processed, the bank’s reserve account is debited.

With an assessment of the level of demand and a forecast of the factors affecting
the supply of reserves, a decision over the size of the needed open market operation for
the day is made. On average in our sample, the funds rate is equal to the target rate,
therefore we take as a maintained hypothesis that over time the quantity of reserve
balances supplied equals the quantity of reserve balances demanded at the target rate.
Thus, we also assume that the Desk correctly infers the demand function, an assumption

we are able to test below.

The supply of reserve balances on a given day, s,, is fixed and equal to the sum of
the factors affecting the supply of reserves, f, and the daily open market operation, omo,

t

or:

= f, + omo, (2)

t
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In terms of these simple supply and demand functions, the liquidity effect is

essentially a negatively sloping demand curve, or Jy / dff, < 0. To attempt to estimate

this effect, consider a simplified, linear version of the demand and supply curves.
d,=aX +pff +¢ 3)
s, = f,+omo, where f,=E,_ f,+miss, 4)

Where E, | is the expectations operator conditional on an information set as of time
t—1, and miss, is the forecast error on day ¢. The intended quantity supplied is adjusted

to be equal to the expected quantity demanded, evaluated at the target rate, ff,", subject to

the fact that the Fed has only estimates of the parameters of the demand function:

A A . 5
E _ f,+omo =a X, +p ff ()

In equilibrium, supply must equal the demand for reserve balances. Substituting f, into

(5) and moving total factors miss to the right hand side:

a X, + B ff, +miss, = aX, + Bff, + ¢, (©)
Re-arranging (6) we get the following equation:

(7)

(ff— )= 5"% fft*+(d_%JXt+(%3)misst+(%8)8t

This equation merits a few comments and will be the basis for our more general empirical

specification elaborated in the next section. First, and foremost, the coefficient on the
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daily forecast miss allows us to test for a daily frequency liquidity effect as it is the
reciprocal of the partial derivative of the demand for balances with respect to the funds
rate. Econometrically, this should be a valid test because the forecasts are made by staff
at the Federal Reserve about factors affecting the supply of reserves and are not related to
random fluctuations in banks demand for reserve balances. Thus, they should be

uncorrelated with the error term. The set of variables X, represents the set of variables

that shift the demand for reserve balances on a daily basis. If the Desk estimates these
daily fluctuations in demand accurately, then the coefficients will be equal to zero,
otherwise the dummy variables will soak up these daily disturbances. Lastly, the
equation suggests including the target level of the federal funds rate into the specification.
This coefficient will provide a test about whether or not, on average, the level of the
target generates a systematic bias in the deviations from the target. Further, a statistically
significantly negative (positive) coefficient implies that the Desk under- (over-)estimates

the slope in the underlying function.

IV.  Empirical Specification

IV-1. Data

Data on the daily effective funds rate are published in the Federal Reserve’s H.15
statistical release. This rate is the weighted-average interest rate paid on overnight funds
traded in the brokered federal funds market. Beginning in 1994, the Fed began
announcing changes in its target for the federal funds rate. In general, but not always,

these changes have occurred at FOMC meetings. The data on daily forecast misses come
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from internal databases maintained at the Board of Governors. We use forecast misses

from the Board of Governors.
IV-2. Specification

While the simple model outlined in the previous section assumed that the demand
for reserve balances was strictly linear and separable in the funds rate and other factors
that affect demand, we relax that assumption somewhat to be able to test for intra-
maintenance period variation in the liquidity effect. In addition, we estimate an
exponential GARCH specification (Nelson (1991)) for the deviation of the funds rate
from the target rate in order to allow for conditional heteroscedasticity in the error term.
High payment flow days may shift the demand for funds, but they also instill greater
uncertainty in the market and influence daily volatility that we wish to model. The

EGARCH specification further allows for asymmetry in volatility as defined by the

. 2
variance of the error term, 0" .

(ff, = 1) = BD, (fft—l -1 ) +p,D, (]?pt—l - f ) + Ampday, + Bmpday, * miss, + CX, + ¢, ©)

=1 g/—l

o

-1

logo' =w+n +y—+ilogo’ +DZ + @,

1

o

t—1

Where D, is a dummy variable corresponding to the i=1,2 week of the maintenance

period. We include the daily forecast error, miss, interacted with dummies corresponding
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to each day of the maintenance period, mpday,. In addition, we include a set of variables

to control for daily shifts in the demand for reserve balances, these are:

e A dummy variable for each day of the maintenance period.

e A dummy variable for month-ends, quarter-ends, and year-ends, respectively.
e A dummy variable for the first day of a month, quarter, and year, respectively.
e A dummy variable for the 15™ of a month.

e Dummy variables for the day before and the day after a holiday, respectively.

¢ An interaction of a dummy for the day before a target change and the anticipated
change in the target rate as implied by fed funds futures contracts.

¢ An interaction of a dummy for the day of a target change and the unanticipated
change in the target rate as implied by fed funds futures contracts.

e A dummy variable for the month of December.

e The target for the federal funds rate.

The variance equation has the following variables:

¢ EGARCH terms.

e A dummy variable if the observation is in the last three days of a maintenance
period.

e Dummy variables for the first and the second Fridays of a maintenance period.

e A dummy variable for the day before and after a change in the target rate,
respectively.

e A dummy variable for the day before and after a holiday, respectively.
¢ A dummy variable for month-, quarter, and year-end.

¢ A dummy variable for the month of December.
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V. Results
V-1. Basic results

The results of the estimation are presented in Table 1. The sample period covers
May 19, 1989 through June 27, 2003. The starting point of our sample corresponds to the
establishment of the Fed funds futures market at Chicago Board of Trade. Columns 2 to
4 present full-sample results. In order to check whether the period after February 1994,
display a change in parameters, we also present the results for this latter period in

columns 5 to 7.

A likelihood ratio test of the hypothesis that all of the coefficients of the miss
interacted with the days of the maintenance period are zero is rejected at the 1%
confidence level. We consider this negative and statistically significant coefficient to be
clear evidence of a liquidity effect at the daily frequency. In examining these coefficients

more closely, however, interesting patterns emerge.

Corroborating Hamilton (1998), we find the largest liquidity effect is on
settlement Wednesday. Banks must fulfill their reserve requirements by settlement
Wednesday; deficiencies cannot be shifted to later days except for a small carry-over
allowance.” Thus, deviations in supply from the quantity demanded on these days appear
to have the largest impact on the funds rate. Taken at face value, it would appear that a
change of a billion dollars in reserve balances is sufficient to move the funds rate by

almost 3-1/2 basis points on settlement Wednesday.

? The reserve carry-over privilege provides a depository institution with some flexibility in meeting its total
balance requirement. This privilege allows an institution with a small excess or deficiency (maximum
carry-over allowance is the greater of four percent or $50,000) in one maintenance period to use it or make
it up in the following maintenance period.
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In contrast to Hamilton’s findings, with the exception of three days—the first two
days of the maintenance period and the second Friday—each day of the maintenance
period displays a statistically and economically significant liquidity effect for the full
sample. The penultimate day of the maintenance period and both Mondays (days 3 and
8) have the next largest point estimates, however, several of the other coefficients imply a
non-trivial response of the funds rate to changes in the supply of reserve balances.
Averaging coefficients across days of the maintenance period suggest that a change of $1

billion in reserve balances could move the funds rate by about 1 basis point.

The first day of the maintenance period does not display a significant liquidity
effect. Recalling a bank’s demand for reserve balances (Figure 2), this may be expected.
In the beginning of a maintenance period, a bank has a relatively long horizon to adjust
its maintenance period average reserve balances to fulfill its requirements. Thus, the
slope of the demand curve is steepest on Thursday, and changes in reserve balances elicit
less of a funds rate reaction as banks are more able to intertemporally shift reserve needs.
As the maintenance period progresses, this ability is diminished and thus the liquidity
effect is stronger later in the maintenance period. Of curiosity, however, is the large
estimated coefficient on the first Monday of the maintenance period. While this day
ought to have almost as little sensitivity as the two previous days, recall that Friday
balances are counted three times. As a result, although demand for reserves on the first
Friday of a maintenance period may not be especially sensitive, on the subsequent
Monday, once the reserve position for the previous Friday has been realized, banks may

attempt to unwind some of the three-day effect from the weekend.
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The columns 5 to 7 of Table 1 presents the regression results using data since
1994, the year the Fed began announcing changes to the target rate. The results are
qualitatively similar to Hamilton (1997) and our results over the longer sample. The
liquidity effect on settlement Wednesday appears to be a bit smaller than the full-sample
results, but most other coefficients are perhaps a touch larger, and all but one of the days
of the maintenance period exhibit a statistically and economically significant liquidity
effect. Thornton suggested that so-called open mouth operations may be an explanation
for his not finding a liquidity effect. The logic is that the Fed is able to control the funds
rate near the target rate simply by announcing the target and thus the supply of reserve
balances is incidental to the funds rate. We disagree with this logic and our results do not
support Thornton’s conclusions. We believe that the announcement effect associated
with open mouth operations is significant in changing the funds rate following a target
change, as shown by the insignificant liquidity effect associated with factors misses on
the day after a target change. However, the “announcement effect” only operates on the
day after a target change and on the remainder of the days in our sample, maintenance of
the target does require careful reserve management through open market operations. It
should also be noted that it is the credibility of the Trading Desk in its commitment to the

target rate that establishes market expectations and enables the announcement effect.

One interesting note is the estimated coefficient on the target funds rate. In both
specifications, the point estimate is small and p-value ranging between .1 and .3;
essentially the coefficient is zero. This implies, given our theoretical results above, that
the Desk at the FRB-NY has been able to understand, on average and through time, the

relationship between the demand for reserve balances and the federal funds rate. There is
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no evidence of systematic mis-estimation of the elasticity. Meanwhile, the coefficients
associated with the set of variables that represent demand for balances are mostly
significant, suggesting that the Desk does not completely offset these daily fluctuations in
demand.

Finally, the positive and significant coefficient y in the conditional variance
equation indicates that the volatility effects of upward and downward moves in the funds
rate are asymmetric, consistent with Hamilton (1996). An upward funds rate shock leads
to greater volatility in the funds market than a downwards shock. Most of the other
coefficients in the variance equation are significant and positive, except for the first
Friday of a maintenance period when the volatility tends to be lower, likely due to a
lower volume of trading. This finding is somewhat different from Spindt and
Hoffmeister (1988) who find that the variance of the funds rate increases on both Fridays
and especially on the second Friday. This result likely reflects a change in trading

patterns since the period between 1984-1986, when the above results were obtained.

V-2. Non-linear liquidity effect

We next ask whether the liquidity effect that we identified above is linear in the
miss. Specifically, we define a miss of $1 billion or more to be a large miss and test
whether the coefficient on large misses is the same as the coefficient on small misses.’

Our sample consists of roughly 1/3 large misses and 2/3 small misses, implying that we

have sufficient power to test our hypothesis. The results are presented in Table 2 with

3 The sample standard deviation of the forecast misses is $1.1 billion, providing a less-arbitrary justification
for our choice of large versus small.
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results for the post-1994 sample in the right column for comparison. These results
suggest that the liquidity effect at the daily frequency is non-linear. The coefficients on
small misses are statistically insignificantly different from zero for most days while the
coefficients on large misses are generally larger than our results presented in Table 1.
From these results, we conclude that the federal funds market is insensitive to small
deviations from equilibrium. Put in slightly different terms, the demand curve for funds
appears to be kinked, and roughly flat in the neighborhood of the target rate. One
interpretation for this result is that the loss to a bank of a small deviation from its optimal
choice for reserves on a given day is smaller than the transactions costs required to adjust
its balances. This situation is reinforced by the fact that funds held to satisfy reserve
requirements across different days of the maintenance period are perfectly substitutable.
This result further helps to reconcile our findings with those of Hamilton and Thornton.
Thornton asserts that Hamilton’s results rely entirely on a handful of outliers. Our data
allow us to identify a differential effect of a small miss from a large miss, suggesting that
these outliers are, in fact, driving Hamilton’s results, but that the imprecision in his

instrument obscures the more general liquidity effect.

V-3. The effect of the level of operating balances

Next, we ask whether the level of operating balances in the banking system is
related to the size of the liquidity effect. Clouse and Elmendorf (1997) argue that for
sufficiently low levels of operating balances, the federal funds market can become
volatile. This concern was particularly acute as declines in required reserve ratios and the
increased use of retail sweep activity dramatically lowered required reserves to a point

where many banks were able to satisfy reserve requirements with vault cash. In the
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context of the liquidity effect, we would suspect that a steeper demand curve for funds
would result in a more volatile funds market. In other words, if the federal funds rate is
more sensitive to changes in the quantity of reserves, a given miss in the supply of

reserve balances would result in a larger deviation of the funds rate from the target.

To test this hypothesis, we interact the daily forecast miss with a measure of the
aggregate level of required operating balances. We take the sum of required reserve
balances and contractual clearing balances, subtract the sample mean and then divide by
the sample standard deviation, normalizing the level of required operating balances to a

variable with a mean of zero and a standard deviation of unity.

The results are presented in Table 3, again with the post-1994 sample in the right
column. We find that a higher level of required operating balances tends to attenuate the
intra-maintenance period liquidity effect while it augments the end-of-maintenance
period liquidity effect. In essence, a higher level of required balances allows banks to
smooth deviations from their optimal choice of reserves across days of the maintenance
period more easily. However, at the end of the maintenance period, the need to fulfill a

higher requirement causes the funds rate to become more sensitive to deviations in

supply.

A specification that includes both the differentiation between large and small
misses, as well as interacting the results with the level of required operating balances is
consistent with the discussion above and suggests that the two phenomena we document

are independent effects.
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VI. Conclusions

The results presented above are fairly strong evidence of a liquidity effect at the
daily frequency. Hamilton’s work on the daily liquidity effect is broadly consistent with
these results, however, his results suggest a statistically significant liquidity effect only
on the last day of the maintenance period. Our results differ from Hamilton’s in a
number of ways. It seems plausible that part of the difference between our results and his
is the difference in our measure of exogenous changes in the supply of reserves.
Hamilton created a forecast of only one factor affecting the supply of reserves and
compared it to the realized level of that factor. While in principle, the logic behind this
identification is sound, it seems likely that there is a great deal of estimation error and
imprecision in the method. Instead, we use the errors from the forecasts of all the factors
affecting the supply of reserves made by Federal Reserve in the actual conduct of
monetary policy. As a result, and given the theoretical and empirical results, our
approach provides a much cleaner and direct measure of exogenous changes to the supply

of reserve balances and likely explains some of the difference in the results.

In addition, the liquidity effect that Hamilton estimates is significantly larger than
ours. Indeed, he estimates that a change in reserve balances of $1 billion results in a
change in the funds rate of more than 22 basis points. For strictly day-to-day
fluctuations, this elasticity seems very large by recent standards. Over our sample period,
the deviation of the federal funds rate from the target has been approximately 3 2 basis
points. Such small deviations suggest that the funds rate is no longer so sensitive to small
variations in reserve balances, a notion borne out by our examination of small versus

large misses.
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Another major difference is the fact that we are able to estimate a statistically
significant liquidity effect on most days of the maintenance period. Lastly, Hamilton
estimates his model over a relatively short sample, from 1989 to 1991. Our sample
includes this period, but is longer and more recent and consequently, we feel that our
results are more representative of the current working of the market. Moreover, we
document that the liquidity effect tends to be larger at the end of the maintenance period
when required operating balances are higher. Recalling Exhibit 1, Hamilton’s sample
period is a period of extremely high operating balances. Our results would predict a
smaller liquidity effect early in the maintenance period and a larger effect later in the

period, suggesting that our results and Hamilton’s are not dramatically at odds.

The results of our paper, however, are quite different from those of Thornton. He

states

“[t]he demand for excess reserves is not well defined within the maintenance
period because banks are free to alter their reserve holdings within the
maintenance period so long as they hold enough reserves on a daily average basis
to meet their requirement. Excess reserves become increasingly meaningful as
the maintenance period draws to a close . . . even if the concept of the daily
demand for excess reserves were meaningful, day-to-day fluctuations in excess
reserves would likely be unpredictable.”

While Thornton’s point is valid, it nevertheless appears that there is a systematic pattern
of excess reserve balances within maintenance periods. Accordingly, our results suggest
that the sensitivity of reserve balances to changes in the interest rates does increase

through the maintenance period, though perhaps not strictly monotonically.

Thornton’s work is in line with some of the previous work on the liquidity effect
because, as he states, “the liquidity effect depends on the demand for money and not
banks’ demand for excess reserves.” Unfortunately, this logic implies a bit of the
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mismatch we discussed in the second section of the paper. If money, e.g. demand
deposits, is not tightly linked to the federal funds rate, there is no reason to suspect that a
liquidity effect would be present there. However, as we discussed in the theoretical
section and as our empirical results confirm, there is a relationship between overall

reserve balances and the funds rate.

Furthermore, we find that the liquidity effect is non-linear. Specifically, small
deviations from the target supply of reserves in the banking system do not appear to have
a significant effect on the federal funds rate whereas large deviations do. This fact,
combined with Hamilton’s use of a noisy measure of supply shocks, reconciles our work
with previous work in the literature. Finally, we also find evidence that a higher level of
reserve balances in the banking system is related to a smaller liquidity effect during the

maintenance period, but an elevated liquidity effect at the end of the maintenance period.

In summary, our results provide solid evidence of a liquidity effect at the daily
frequency. We believe our data and methodology are more precise than Hamilton’s
seminal work. As a result, our results are broadly consistent with his work, but are

somewhat stronger.
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Table 1
Dependent Variable: (Deviation From Target),

Sample Period: May 18, 1989-Jan 30, 2004
Full Sample Post-94

Variable Coeff. Std. Err. Prob. Coeff.  Std. Err. Prob.
(Deviation from Target), ; X Dy, 029 001 000 | 028 002  0.00
(Deviation from Target), ; X Dy, , 045 002 000 | 038 003 0.0
(Forecast Miss) > Dy ryursaa 058 0.85 050 | -0.75 090  0.40
(Forecast Miss) > Dy iz, 006 017 074 | -0.62 030  0.04
(Forecast Miss) % Dy yionday 134 016 000 | 257 019  0.00
(Forecast Miss) % Dy ryesaay -0.64 0.17  0.00 | -0.62 0.21 0.00
(Forecast Miss) > D pysyeinesday 070 022 000 | -099 029 0.0
(Forecast Miss) X Do rhursday 049 026 006 | -058 032 007
(Forecast Miss) X Do priday 025 040 054 | -025 046 0.0
(Forecast Miss) X Dy,eonq vionda -133 059 002 | -1.25 0.71 0.08
(Forecast Miss) X Dy,on ruesaa 108 047 002 | -075 044  0.09
(Forecast Miss) X Dy,ouq wednesday 341 067 000 | -193 090  0.03
(Forecast Miss)X D ., uior atarget Change 013 183 094 | 1.12 297 071
Dy thursiay 217 079 001 | 224 094  0.02
D riday 516 041 000 | -432 056 0.00
Dy vtondar 404 034 000 | 263 055  0.00
TR — 200 041 000 | 274 058  0.00
Dpysomeanesda 170 042 000 | -113 055  0.04
Ds.cond thursdar 167 042 000 | 218 056  0.00
Dsecond priday 405 045 000 | -3.06 059  0.00
Dy.ond vonday 454 092 000 | 383 105  0.00
Decond tuesday 675 091 000 | -7.50 109  0.00
Decond weanesdar 858 102 000 | 503 103  0.00
D toih £na 1286 152 000 | 13.06 157  0.00
Dytonsh stare 573 098 000 | 642  1.08  0.00
Doarter bna 5013 381 000 | 5565 584 0.0
Djarter start 679 286 002 | 1133 371  0.00
Dy ooy gna 2712 288 000 | -39.06 408 0.0




Table 1, Continued.

Full Sample Post-94
Variable Coeff. Std. Err. Prob. Coeff.  Std. Err.  Prob.
Dy, Start 17.28  6.88 0.01 5.76 6.54 0.38
Dvsia-stont 10.17  0.34 0.00 9.21 0.44 0.00
Day Before Holiday -2.57 1.10 0.02 -1.72 1.37 0.21
DDuy After Holiday 11.06 1.13 0.00 13.09 1.46 0.00
E (ATarget,,,) % Dy pooreatarger change * Dieck 029 009 000 | 026 008  0.00
Et(ATargetHl ) X DDaybefarea Target Change X DWeek 2 0.14 0.15 0.36 0.23 0.21 0.29
(Unanti,) X Dy, or aturger change 063 008 000 | -053 017  0.00
Target -0.07  0.06 0.26 -0.15 0.09 0.11
December -1.08  0.69 0.11 -0.64 1.01 0.53
Variance Equation
Full Sample Post-94
Variable Coeff. Std. Err. Prob. Coeff. Std. Err.  Prob.
C 1.05 0.05 0.00 1.25 0.07 0.00
|[RES|/SQR[GARCH](1) 0.58 0.02 0.00 0.51 0.03 0.00
RES/SQR[GARCH](1) 0.04 0.02 0.03 0.06 0.02 0.01
EGARCH(1) 0.55 0.01 0.00 0.51 0.02 0.00
DLastthreedaysofMaintenancePeriod 1.43 0.04 0.00 1.18 0.05 0.00
First Friday -0.41 0.08 0.00 -0.52 0.09 0.00
Second Friday 0.19 0.05 0.00 0.11 0.06 0.05
DDaybefbrea Target Change 0.89 0.12 0.00 0.57 0.25 0.02
Day afier a Target Change 0.22 0.14 0.11 0.21 0.21 0.31
DDuyofTarget Change 0.47 0.16 0.00 0.93 0.31 0.00
DDay After Holiday 0.81 0.08 0.00 0.94 0.11 0.00
DDay Before Holiday 1.45 0.08 0.00 1.44 0.11 0.00
DQuarter End 3.60 0.15 0.00 4.00 0.22 0.00
December 0.37 0.04 0.00 0.51 0.05 0.00
DMvnth End 1.44 0.10 0.00 1.27 0.11 0.00
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Table 2
Dependent Variable: (Deviation From Target),

Sample Period: May 18, 1989-Jan 30, 2004
Full Sample Post 94

Variable Coeff. Std. Err.  Prob. Coeff. Std. Err. Prob.
(Deviation from Target), , * Dy, 030 001 000 | 027 002 0.00
(Deviation from Target), % Dy, 045 002 000 | 038 003  0.00
(Forecast Miss) % Dy ursiay % Darge s 095 100 034 | -1.10 095 025
(Forecast Miss) % Dpiyy gy * Dparge vis -1.61 024 0.00 | -124 047 0.01
(Forecast Miss) % Dy vionday X Dyargevis 136 0.18 000 | 242 019 0.0
(Forecast Miss) X Dy iesany ¥ Drarge vis 068 018 000 |-084 023  0.00
(Forecast Miss) > Dy yeinesiay * Dirargeris 088 024 000 |-108 031  0.00
(Forecast Miss) X Dot puursaay * Drarge s 080 028 000 |-077 034 002
(Forecast Miss) X Dot rriday % Drarge s 011 046 082 | -035 053 051
(Forecast Miss) X Do stonday * Drargeris 135 062 003 | -154 080  0.05
(Forecast Miss) X Do ruesiay * Dyargenis 17 050 002 | -022 042 059
(Forecast Miss) X Do weanesdar * Drarge s 386 072 000 | -240 1.04 002
(Forecast Miss) X Dy tiursay * Dsnan viss 090 163 058 | 093 197 0.64
(Forecast Miss) % D piyy gy * Dpatr v 127 064 005 | 171 062 00l
(Forecast Miss) % Dy vonday X Dsman iss 117 042 001 | -402 065  0.00
(Forecast Miss) % Dy ruesaay * Dspan ss 069  0.57 0.23 147 073  0.04
(Forecast Miss) % Dy ioanesiay * Dsmai vis 036 0.62 0.56 0.09 077 091
(Forecast Miss) X Dot puursaay * Dsmaitriiss 118 058 004 | 094 076 021
(Forecast Miss) X Dyt priday * Domatr s 051 075 049 | 002 089 098
(Forecast Miss) X Decoui vonday * Dsan viss 19 171 049 | 004 180 098
(Forecast Miss) X Do ruesiay * Dsnairsiss 053 181 077 | -343 179 0.06
(Forecast Miss) X Do weanesday X Dsmai s 068 208 074 | -083 186 066
(Forecast Miss) X Dy, e urger hange * Drargertis 078 229 073 | 285 451 053
(Forecast Miss) X Dy, upier rargerhange  Dsmai s 466 327 015 | -325 568 057
Dt thursaar 212 081 001 | 222 092 002
it Friday 451 040 000 | -415 051  0.00
D vtondar 408 038 000 | 255 051  0.00
Dt iesdar 226 0.40 000 | -2.52 0.6 0.00
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Table 2, Continued

Full Sample Post 94

Variable Coeff. Std. Err. _ Prob. Coeff. Std. Err. Prob.
D i siswednesday 168 041 000 | -LI11 053  0.03
Dscona hursday 189 042 000 | 237 052 0.0
Decond rriday 384 045 0.00 | 290 055  0.00
Decond sonday 461 093 000 | 362 1.04 0.0
Dsecond uesdar 661 094 0.00 | -759 1.0  0.00
Decond weanesdar 885  1.04 000 | 496 1.02  0.00
D ouih £na 1255  1.54 0.00 | 1294 1.56  0.00
Do start 539 0.99 000 | 660 1.05 0.0
Djarter na 4954 3.56 0.00 | 5622 497  0.00
Dyarter start 6.04 282 003 | 1146 324 0.0
Dy £na 26,15 2.84 0.00 |-40.87 4.00  0.00
Dy stare 1745 7.0l 001 | 702 622 026
Dy ia-rtonn 1029 0.36 000 | 919 047  0.00
Doy sefore Hotidas 305 111 001 | -171 134 020
Doy apier Hotidas 115 113 0.00 | 13.08 143  0.00
E,(ATarget,,) % Dpyypegorea targer change * Diveet 030 009 000 | 027 008  0.00
E (ATarget ;) % Dy pooreatarger change X Diveet 2 0.14  0.14 034 | 023 020 025
(Unanti,) X Dy, or aturger change 061 009 000 |-049 017 0.0
Target 010  0.07 0.12 | -0.18 0.09  0.04
December 148 071 004 | 067 096 048
Variance Equation

Full Sample Post 94

Variable Coeff.  Std. Err. Prob.| Coeff. Std. Err. Prob.
C 1.04 005 000| 128 008  0.00
IRES|/SQR[GARCH](1) 0.60 003 000| 059 004 0.00
RES/SQR[GARCH](1) 0.03 002 0.11] 007 002 0.00
EGARCH(1) 0.55 001 000| 048 002 0.0
D tthrec daysof Maintenance period 1.43 004 000| 121 005 0.0
First Friday 044 008 000 -0.53 0.0 0.0
Second Friday 0.17 0.05 0.00] 009 006 0.6
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Table 2, Continued

Variable

Full Sample

Coeff.  Std. Err. Prob.

Post 94

Coeff.  Std. Err. Prob.

>

Day beforea Target Change

>

Day after a Target Change

o

Day of a Target Change

S

Day After Holiday

S

Day Before Holiday
Quarter End

December

D

Month End

0.89 0.12  0.00
0.20 0.15 0.16
0.50 0.16  0.00
0.81 0.08 0.00
1.46 0.08 0.00
3.59 0.14  0.00
0.38 0.04 0.00
1.47 0.10  0.00

0.52 0.25 0.04
0.25 0.22 0.25
1.00 0.32 0.00
0.99 0.11 0.00
1.46 0.11 0.00
3.80 0.19 0.00
0.56 0.05 0.00
1.31 0.12 0.00
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Table 3
Dependent Variable: (Deviation From Target),

Sample Period: May 18, 1989-Jan 30, 2004
Full Sample Post-94

Variable Coeff. Std. Err.  Prob. Coeff. Std. Err. Prob.
(Deviation from Target), X Dy, 028 001 000 | 028 002  0.00
(Deviation from Target),, % Dy, , 045 002 000 | 037 003  0.00
(Forecast Miss) X Dy rjursiay 0.65  0.80 042 | -0.67 147  0.65
(Forecast Miss) * Dy g, 048 022 003 | -049 066 046
(Forecast Miss) * Dy vionaay 120 0.18 000 | -1.77 041 0.0
(Forecast Miss) X Dy riesiay 057 021 001 | -057 034 0.9
(Forecast Miss) * D pysyednesdas 057 024 002 | -042 047 037
(Forecast Miss) * Do pursdar 051 027 006 | -053 049 028
(Forecast Miss) X Dy, ouq priday 027 042 052 | -034 049 049
(Forecast Miss) X Dioui monday 073 0.69 029 |-092 132 048
(Forecast Miss) X Do ruesiay 411 061 000 | -381 065  0.00
(Forecast Miss) X Do wednesdas 413 0.83 0.00 | -343 098  0.00
(Forecast Miss) X Dy gyysan, X (ROB) * 0.04 082 096 | 0.19 140  0.89
(Forecast Miss) X Dy gy, X (ROB) 1.03 0.0 000 | 0.17 058  0.77
(Forecast Miss) % Dy yipnauy X (ROB) 014  0.19 0.47 134 045  0.00
(Forecast Miss) * Dy gesan, % (ROB) 055 027 004 | 024 044 058
(Forecast Miss) * Dy yeinesiny * (ROB) 058 025 002 | 092 051 007
(Forecast Miss) % Dot pursaay X (ROB) 023 026 038 | 015 048 075
(Forecast Miss) X Do pria * (ROB) 025 047 060 | -048 061 043
(Forecast Miss) X D,y onday X (ROB) 088  0.70 021 | 020 145  0.89
(Forecast Miss) X Dot ruesday X (ROB) 339 051 000 | -246 114  0.03
(Forecast Miss) X D,y weanesaay * (ROB) 255 0.82 000 | 2.68 120  0.03

*ROB is the normalized value of Required Operating Balances.




Table 3, Continued

(Forecast Miss)x D,
(Forecast Miss)x D,

D First Thursday

First Friday

S

First Monday

First Tuesday

FirstWednesday

Second Thursday

Second Friday

Second Monday

Second Tuesday

O o 0O b b oL

Second Wednesday

S

Month End

S

Month Start

>

Quarter End

S

Quarter Start

Year End

Year Start

Mid—Month

oo O L

Day Before Holiday

>

Day After Holiday

E (ATarget, ) x D,
E (ATarget,,,)x D

(Unanti,)x D,

Target

December

ay before a Target Change

Day before a Target Change

ay after aTarget Change

x (ROB)

ay after aTarget Change

x D
x D

Week 1

Week 2

ay of aTarget Change

0.84
-1.27
2.03
-5.02
4.01
-2.06
-1.85
1.63
-4.07
4.20
-5.50
8.13
12.93
5.88
50.65
6.71
-26.92
14.82
10.14
-2.40
12.22
0.29
0.14
-0.64
-0.07
-1.39

2.44
2.10
0.81
0.40
0.32
0.40
0.41
0.40
0.44
0.85
0.76
0.97
1.49
0.95
3.44
2.89
2.94
6.92
0.35
1.10
1.18
0.10
0.14
0.09
0.06
0.70

0.73
0.55
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.03
0.00
0.03
0.00
0.00
0.32
0.00
0.28
0.05

0.90
-1.17
232
-4.22
2.64
-2.68
-1.17
2.20
-2.98
3.89
-5.92
5.24
13.27
6.47
55.52
12.44
-38.96
1.29
9.50
-1.60
13.65
0.27
0.24
-0.59
-0.18
-0.88

3.49
2.81
0.94
0.57
0.56
0.59
0.56
0.58
0.61
1.12
0.93
1.03
1.61
1.07
5.73
3.25
3.80
6.22
0.47
1.46
1.60
0.09
0.22
0.16
0.10
1.01

0.80
0.68
0.01
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.84
0.00
0.27
0.00
0.00
0.29
0.00
0.07
0.38
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Variance Equation

Full Sample Post-94

Variable Coeff. Std. Err. Prob. Coeff.  Std. Err.  Prob.

C 1.00 0.05 0.00 1.37 0.07 0.00
|[RES|/SQR[GARCH](1) 0.64 0.02 0.00 0.52 0.03 0.00
RES/SQR[GARCH](1) 0.02 0.02 0.32 0.06 0.02 0.01
EGARCH(1) 0.55 0.01 0.00 0.47 0.02 0.00
DLastthré’edaySOf Maintenance Period 1.39 0.04 0.00 1.22 0.05 0.00
First Friday -0.38 0.08 0.00 -0.49 0.09 0.00
Second Friday 0.21 0.05 0.00 0.12 0.06 0.04
D Day beforea Target Change 0.93 0.11 0.00 0.60 0.25 0.02
Day after a Target Change 0.25 0.14 0.08 0.30 0.21 0.15
DDay of a Target Change 0.53 0.16 0.00 0.92 0.30 0.00
DDay After Holiday 0.84 0.09 0.00 1.03 0.12 0.00
DDay Before Holiday 1.48 0.08 0.00 1.46 0.11 0.00
Quarter End 3.54 0.15 0.00 3.95 0.22 0.00
December 0.38 0.04 0.00 0.52 0.05 0.00
Dtonsh £na 145 010 000 | 129 012 0.00

34



Exhibit 1: Reserve Balances

Maintenance Period Average

Total Balances
I AR Required Balances
————— Contractural Clearing Balances

-~ -

$ Billions

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003
Exhibit 2: Average Daily Excess Balances (1990 - present)
$ Billions
Business Day
1 2 5 6 7 8 12 13 14

60

50

40

30

20

10
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