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1 Introduction

A key feature of the global financial system is a demand from investors to hold safe
assets. Recent work (Krishnamurthy and Vissing-Jorgensen, 2012, Nagel, 2016, van Bins-
bergen et al., 2021, Jiang et al., 2021, Kekre and Lenel, 2022) shows that investors give up
a sizeable return, the “convenience yield,” to hold dollar safe assets such as US government
debt compared to other dollar investments providing the same cash flows.! In addition,
investors earn a higher dollar-denominated return by holding foreign safe assets combined
with a currency swap than by buying dollar safe assets, violating the covered interest parity
(CIP) relationship (Du et al., 2018b, Jiang et al., 2019, Du et al., 2018a). During financial
crises, dollar convenience yields and CIP deviations both dramatically spike. A common
explanation for these facts is that because US safe assets are denominated in the global re-
serve currency, they provide a larger convenience yield than foreign ones. This paper directly
measures convenience yields in 10 of the G11 currencies. We find that international arbitrage

frictions, not a disproportionately large US convenience yield, explains the dollar’s behavior.

Our analysis relies on a new database of risk-free rates implicit in index option prices
that we argue are free of the convenience yield of safe assets. We infer these rates, which we
call box rates, using intraday time-stamped option price quotes on each country’s main stock
index from 2004 to 2020. Exploiting the put-call parity relationship for European options,
we infer risk-free interest rates from our option prices without specifying any particular
asset, pricing model. Importantly, each individual option is risky and should not provide a
convenience yield. However, a portfolio of options called the box trade (Ronn and Ronn,

1989, Avino et al., 2017) yields a risk-free payoff whose price implies the box rate.

We use our box rates to construct two key arbitrage spreads. First, for a safe asset

!Gorton and Pennacchi (1990), Bansal and Coleman (1996), Lagos et al. (2017), Diamond (2020) provide
theoretical explanations for this convenience yield.



denominated in a given currency, we estimate its convenience yield as the difference between
that currency’s box rate and the safe asset’s interest rate. This convenience yield shows how
much interest investors forgo to hold the safe asset relative to an investment with identical
payoffs. It is inferred only from assets denominated in the same currency. Second, we take
a foreign box rate together with a currency forward to replicate a “synthetic dollar rate”
whose payoffs are identical to our dollar box rate. The arbitrage spread between our US
box rate and this synthetic dollar rate, that we call a box CIP deviation, measures frictions
in international arbitrage. Because box rates are inferred only from risky options, box CIP

deviations are not impacted by convenience yields.

A country’s average convenience yield for government debt is closely related to the level
of its interest rates. A cross-sectional regression of a country’s average convenience yield on
its average government bond yield has an R-squared of .74, with a 1 percentage point higher
rate associated with a 15 basis point higher convenience yield. US convenience yields average
35 basis points, fifth of 10 countries. When nominal interest rates are negative, how far the
rate goes below 0 is unrelated to the size of convenience yields. In addition, we consider how
a range of other assets’ convenience yields vary with the level of interest rates. We find that

the more “money like” an asset is, the more its convenience yield increases as rates go up.

We then compare box CIP deviations to CIP deviations using other rates. While box CIP
deviations are an arbitrage spread using two countries’ box rates, we can construct similar
spreads using Treasury yields or any other risk-free rates. The time-series average of each
country’s box CIP deviation is roughly 10 basis points, suggesting a cost of international
arbitrage that does not vary across countries. This is unlike CIP deviations constructed
from Treasuries (Du et al., 2018a), LIBOR (Du et al., 2018b), overnight indexed swap (OIS)
rates, and savings deposit rates which vary strongly with the level of interest rates in each
country. We argue that this is because these other rates reflect convenience yields which

also vary with the level of nominal interest rates. The cross-section of CIP deviations for



all rates is consistent with a constant cost of international arbitrage between G11 countries

together with convenience yields in each country proportional to their level of interest rates.

Next, we examine convenience yields and box CIP deviations over time. Both convenience
yields and CIP deviations spike during the 2007-2009 US financial crisis, 2011-2012 Euro
crisis, and 2016-2017 Brexit crisis. Convenience yields grow the most in the country where
each crisis is centered. On average, foreign convenience yields grow just as much as US
convenience yields during crises. In contrast, box CIP deviations between the US and other
countries grow in all crises, suggesting that international arbitrage becomes more costly. In
the March 2020 Covid crisis, when dislocations in the markets for Treasuries (He et al., 2021)
and other bonds (Haddad et al., 2021, Ma et al., 2021) temporarily made US convenience
yields negative, box CIP deviations grew as in other crises. We conclude that growing CIP
deviations during crises reflect increasing frictions in international arbitrage and do not imply

that US convenience yields grow more than than foreign ones.

We next examine the impact of US and European quantitative easing (QE) and the 2015
break of the Swiss Euro currency peg. We find similar results for US QFE during its 2008-2009
crisis and for European QE during its 2009-2012 crisis. In both cases, QE reduces domestic
convenience yields more than it reduces foreign convenience yields. Both also reduce the
US-Euro box CIP deviation. This suggests that QE reduces financial frictions during crises,
with a stronger domestic than international impact. The Swiss currency peg break sharply
reduced Swiss box and government interest rates with almost no effect on Swiss convenience
yields. Because Swiss rates were negative before the break, this provides more evidence that

convenience yields are unrelated to the level of interest rates once rates become negative.

Finally, we consider the relationship between CIP deviations, convenience yields, and ex-
change rates. First, we build on Engel and Wu (2022), who show that government bond CIP

deviations are strong predictors of exchange rates. We decompose each country’s government



bond CIP deviation into a box CIP deviation and the difference between that country’s and
the US’s convenience yield. We show that both box CIP deviations and convenience yield
differences forecast exchange rates. Next, we build on Avdjiev et al. (2019), who show that
strengthening of the dollar coincides with a widening in CIP deviations. This also holds for
box CIP deviations but not for the difference between US and foreign convenience yields.
This suggest that the dolllars strengthens when international arbitrage is constrained but

not necessarily when convenience yields are larger in the US than in other countries.

We explain our findings in a theoretical model related to Nagel (2016). In the model, con-
sumers obtain reduced-form “liquidity services” from cash and bank deposits. Convenience
yields on assets held by financial intermediaries, who use these assets to issue bank deposits,
grow proportionately with the deposit convenience yield. When a country experiences a
financial crisis, convenience yields in that country grow. In addition, an international finan-
cial arbitrageur borrows risk-free in dollars from the US financial intermediary and invests in
foreign countries. A CIP deviation emerges between the dollar rate at which the arbitrageur
borrows and the strictly higher dollar rate at which it lends in other countries (Boyarchenko
et al., 2020, Anderson et al., 2020, Siriwardane et al., 2022). These CIP deviations spike
when the international arbitrageur is constrained, like box CIP deviations in the data. The
dollar differs from other currencies in the model in one way: international arbitrageurs bor-
row in dollars and invest in other currencies. This explains why box CIP deviations spike in

all crises, while each country’s convenience yield is impacted mostly by domestic crises.

Our results clarify how the US is unique in the global financial system. US safe asset
convenience yields do not seem particularly large or sensitive to crises compared to other
countries. Our CIP deviation results show that there is a global demand for dollar assets
which reduces US interest rates, but this impacts all dollar interest rates, including box rates,
and therefore does not imply US convenience yields are particularly large. Our evidence does

not contradict a large foreign demand for US safe assets from investors such as foreign central



banks, but this demand does not result in an unusually large US convenience yield.

Relation to Literature This paper contributes first to the literature on measuring
the convenience yields of safe assets, which has focused so far on the US (Krishnamurthy
and Vissing-Jorgensen, 2012, van Binsbergen et al., 2021, Lenel et al., 2019, Vanderweyer,
2022). Foreign convenience yields (Du et al., 2018a) are inferred directly from international
arbitrage spreads, and we believe we are the first to measure each country’s convenience
yields only from asset prices in that country. Our cross-country evidence that convenience
yields increase with the level of interest rates extends work finding similar patterns in US

time-series data (Nagel, 2016, Dreschler et al., 2017, Krishnamurthy and Li, 2022).

We contribute to the CIP deviation literature (Du et al., 2018b, Wallen, 2020, Krishna-
murthy and Lustig, 2019, Viswanath-Natraj, 2020) using our new convenience yield mea-
sures. Previous papers have proposed a decomposition of CIP deviations that include both
convenience yields and other international arbitrage frictions (Du et al., 2018a, Augustin
et al., 2022), but we are the first to plug observable convenience yields measures into such
a decomposition. Most similar to our results are patterns in risky corporate bond yields
in Liao (2020), suggesting that his cross-country variation in corporate-Treasury spreads is

explained by differences in countries’ convenience yields.

Finally, our work contributes to a literature that infers risk-free rates from derivatives.
Most papers use futures (Fleckenstein and Longstaff, 2020, Hazelkorn et al., 2023) or interest
rate swaps (Feldhutter and Lando, 2008, Fleckenstein and Longstaff, 2022, Jermann, 2020,
Du et al., 2022). These respectively require a value for dividends paid before the futures
mature and reference a nearly risk-free rate (such as banks’ overnight borrowing rates) that
may be liquid enough to provide a convenience yield. These features are not shared by
option-implied rates (Ronn and Ronn, 1989, Avino et al., 2017, Geck and Kaserer, 2021, van

Binsbergen et al., 2021), which we are the first to compare across countries.



2 Near-money assets and convenience yields

We first explain the intuition behind our approach to estimating the convenience yields.
Our goal is to compare the yield of a safe, money-like asset to a risk-free rate implied by the
prices of assets that are not themselves safe or money-like. Generally, the previous literature
has approached this problem by using the yield on a less liquid and/or less safe asset for
comparison. However, any sufficiently safe asset can itself have a convenience yield, since
it can also a perform a role similar to money. For example, in the original IS-LM model of
Hicks (1937) the nominal interest rate measures the return that agents forgo in exchange for
holding cash. However, as shown by Krishnamurthy and Vissing-Jorgensen (2012), interest-
bearing assets such as Treasuries also earn a convenience yield since they also perform a
role similar to money in the financial system. The difference between the yield on two safe,

money-like assets therefore only tells us the difference in the two assets’ convenience yields.

Following, van Binsbergen, Diamond, and Grotteria (2021), we infer a risk-free rate from
assets which are themselves so far from being safe and money-like that they are unlikely
to provide a convenience yield. If this risk-free rate has no convenience yield, the spread
between it and the interest rate of a safe asset identifies that safe asset’s convenience yield.
Figure 1 suggests an approach for estimating convenience yields which is valid if an asset’s
convenience decreases smoothly in the asset’s systematic risk before eventually reaching a
level of zero for sufficiently risky assets outside of the fixed income market. Assets that
provide no convenience have an expected return that is a linear function of the covariance of
its payoff’s with the stochastic discount factor (SDF). Assets that provide convenience have
an expected return strictly lower than the one implied by this linear relationship, with the

spread increasing in the safety /convenience of the asset.

Based on this picture, comparing the yield of a Treasury to the yield of a slightly less

safe/liquid asset can either overestimate or underestimate the Treasury’s convenience yield.
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Expected Returns of Risky Assets (such as
equities or options)

Risk Free Rate Without
Convenience Yield

Expected Returns of Very Low Risk Assets
(such as AAA commercial paper or bonds)

o Expected Return

Yield on Risk Free (Safe) Asset with Convenience Yield
-Cov(Return, SDF)

Figure 1. Risk and return with a special demand for safe assets Plots the theoretical relationship
between an asset’s expected return and its covariance with an investor’s stochastic discount factor (SDF).
Assets with no convenience have an expected return that is a linear function of the covariance with the SDF.
Assets that provide convenience have an expected return that is below the typical linear relationship, with
a spread that is increasing in the safety /convenience of the asset.

On one hand, very low-risk assets such as the debt of banks or AAA rated companies are
somewhat money-like and also provide convenience yields. On the other hand, these low-risk
assets need not be perfectly riskless, and the credit risk premium they earn increases their
expected return. These two forces combined can result in an expected return above or below
the convenience-yield-free risk-free rate (as shown by points C and A in Figure 1). A similar
argument applies to OIS rates, since the overnight rate the swap references is likely to have
a convenience yield too. This paper attempts to estimate a convenience-yield-free risk-free

rate implicit in the prices of risky assets, which should be on the blue line in Figure 1.



2.1 Constructing risk-free rates

We infer risk-free rates denominated in each currency using the put-call parity relation-
ship for European options. At time ¢, we observe the prices of a cross-section of options
that mature in 7" periods and have strike prices K; all denominated in the same currency for
¢ =1,...N. We aim to infer the interest rate in this currency 7, on a riskless investment at
time ¢ that matures in T implied by these option prices. If we denote the prices at time ¢
of a put and call of strike price K; that mature in 1" periods by p;,r and ¢;;r, the put-call

parity relationship can be written as

Pirr — Cirr = (Per — Si) + exp(—rrT) K;. (1)

In this expression, S; is the price of the underlying asset on which the options are written
and P, r is the present value of cash flows paid by the underlying asset before the options
mature. The put-call parity relationship for European options follows only from the absence

of arbitrage and does not rely on any specific option pricing model.

This put-call parity expression implies that in the absence of arbitrage, there is a perfect
linear relationship between the difference p;,r — ¢;;r between the prices of puts and calls
of strike price K; and their strike price K;. The slope of this line equals the discount factor
exp(—r,rT") from which we can infer the interest rate r; 7. We therefore can estimate our
option-implied interest rates from a cross-sectional linear regression of p; ;7 — ¢;; 7 on K;.
By estimating this regression separately for options whose strike prices are denominated in
different currencies, we obtain interest rate estimates for each currency. These rates are
risk-free if there is no meaningful counterparty risk in the underlying options, a claim for

which we provide evidence in appendix B.



We can write our linear put-call parity expression as

PitT — Citw = 1 + By K + Eip . (2)

where an estimate of the slope 3, = exp(—7ry7T) implies a risk-free rate 7, 7. Potential
deviations from put-call parity are reflected in the error term ¢; ; p, which should be extremely

small in a market that is nearly free of arbitrage. We estimate 3, with the OLS estimator

- > ((pz‘,t,T —Cigr — P — C)(K; — K))
BOLS — ZZ(KZ _ K)Q ) (3)

where a bar denotes a variables’ sample average. Our implied interest rate estimate is

1
T = —fln(ﬁoLs)- (4)

In addition to providing an interest rate estimate, a measure of fit of this regression (such as
its R-squared) provides a useful measure of the size of arbitrage spreads in an option market.

Only an R-squared extremely close to 1 provides a precise interest rate estimate.

To estimate our option-implied rates, we use an intraday database of option price quotes
from ICE, which we supplement with additional intraday data from the Thompson Reuters
Tick Database and finally with daily data from OptionMetrics (see Appendix C for details).
We use the midpoint of bid and ask quotes on European options on the most liquid stock
index denominated in each of our 10 currencies from which we infer our rates. We show
in Appendix B that backing from option clearing houses make our rates effectively free of
credit risk and that sophisticated portfolio margin requirements allow investors to lend at

our option-implied rates without putting up additional margin beyond the funds they lend.

Figure 2 illustrates our estimation approach. The dots in the figure are the difference

between put and call prices of the same strike price and the same one year maturity. To
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Maturity = 18-Dec-2020, Time = 27-Dec-2019 09:30:00
R= 0.99999980, == 357.00, Box Rate = -0.48%
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Figure 2. Box rate estimation from put-call parity This figure illustrates the linear relationship
between put minus call prices and strike prices. Euro Stoxx 50 Index Options (OESX) traded on the
EUREX exchange that are denominated in EUR at 9:30am on December 27, 2019 for European options that
mature in 357 calendar days on December 18, 2020. The estimate of the option-implied EUR risk-free rate
is -.48%.

visual accuracy, the dots live along a line, reflecting the fact that put-call parity holds quite
well in our data. A linear regression on this data haans R-squared of .9999998 and an implied
interest rate of -48 basis points. To construct our daily time series of interest rates, we run
these regressions minute-by-minuteand take a daily median of the resulting estimates. We
show in table 1 that the high R-squared of this regression is broadly reflected across countries,
though we restrict our analysis to the 4 highest R-squared countries in some analysis. To
minimize the impact of outliers, we only use regressions with an R-squared of at least .99999.
We linearly interpolate our estimates across the irregularly spaced maturites at which options

expire to infer interest rates at a fixed grid of maturities from 3 months to 3 years.

We use the spread between our estimated rate and the interest rate paid by a safe asset

to estimate the safe asset’s convenience yield. If a zero-coupon safe asset pays a rate 71 safe
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Table 1

Summary Statistics : Average of daily median of R-squared of put-call parity regression in
equation 2 used to estimate box rates. For each country, we exclude observations with an
R-squared below .99999 and take a median of the remaining regressions within each day. The
table then reports the time-series average of this daily median R-squared for each country.

Country Stock Index Mean R-Squared Days of Data Start End
US S & P 500 0.9999996 4781 1/2/2004  7/1/2020
Europe STOXX 0.9999987 4587 1/2/2004 7/27/2020
UK FTSE 100 0.9999982 4144 1/2/2004  7/27/2020
Switzerland | Swiss Market Index 0.9999979 4493 1/2/2004  7/27/2020
Japan Nikkei 225 0.9999977 4098 1/6/2005  7/27/2020
Canada TSX 60 0.9999972 3416 1/1/2010  3/6/2020
Australia ASX 200 0.9999967 4578 1/2/2004 7/27/2020
Sweden OMX Stockholm 30 0.9999964 4184 1/3/2005 6/30/2020
Norway OBX 25 0.9999943 4464 1/3/2005  '7/27/2020
Denmark | OMX Copenhagen 25 0.9999941 2339 1/27/2012 6/30/2020

from time t to time T and r; 7 is our option-implied rate of the same maturity, then our

estimate C'Y; 7 sq7e Of the safe asset’s convenience yield is

CYZ,T,safe =TT — Tt,T,safe- (5)

3 Convenience yields around the world

This section reports the average size of our convenience yield estimates with two main
results. First, the level of convenience yields in a country is highly correlated with the level
of the country’s nominal interest rate, with a 1 percent increase in rates predicting a 15 basis
point increase in convenience yields. Second, US convenience yields are slightly below the
level predicted by its level of interest rates, implying that the dollar’s role as a global reserve

currency has not given US government debt an unusually large convenience yield.
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Table 2 presents the sample averages of our convenience yield estimates across currencies
and across maturities. The first panel presents results comparing our box rates to government
bond yields while the second compares to shorter maturity bills. All countries have a positive
average convenience yield, so every country’s government debt pays less than the box rate
inferred from options on the country’s major stock index. This provides robust evidence
that in all countries, a demand for safe, money-like assets pushes government bond yields

below the risk free-rates consistent with the pricing of the country’s riskier financial assets.

The convenience yield for the US is near the middle of that in other countries. US bonds
have an average convenience yield of roughly 35 basis points, with a nearly flat term structure
of convenience yields. This is below the convenience yields of four currencies (Australia,
Norway, Canada, Sweden) and above that of five (UK, Euro, Switzerland, Japan, Denmark).
The highest convenience yields are in Australia (61-63 basis points across maturities), while
Switzerland (2-18 basis points across maturities), Japan (11 basis points), and Denmark
(15-17 basis points across maturities) have the lowest. Unlike other countries, US bill yields

are below the yields of maturity-matched bonds (Lenel et al., 2019, Vanderweyer, 2022).

As shown in Figure 3, the cross-section of average convenience yields across countries is
explained well by the average nominal interest rate in each country. Australia and Norway
have the highest convenience yields and nominal interest rates, while Denmark, Switzerland,
and Japan have low convenience yields and low interest rates. As shown in Table 2, a
regression of each country’s average one-year convenience yield (with a 6-month maturity
used for Sweden, Denmark, and Norway and a 3-month maturity for Japan due to a lack
of 1-year maturity data) yields a slope of 15.3 basis points and an R-squared of .74. A 1%
increase in interest rates is associated with a 15 basis point convenience yield increase. Our
cross-sectional evidence using data across countries complements Nagel (2016), who finds a

similar relationship between interest rates and convenience yields in US time-series data.
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Table 2. Summary statistics for government bonds and bills Average convenience yields, where .01
is a 1 percent yield. Newey-West standard errors based on 100 day lag in parentheses.

Country 3 Month 6 Month 1 Year 2 Year 3 Year
USA .0034 (.0003) .0035 (.0002) .0035 (.0002) .0035 (.0003)
UK .0022 (.0008) .0030 (.0005) .0035 (.0003) .0038 (.0007)
Euro .0029 (.0004) .0029 (.0003,4890) .0027 (.0003) .0024 (.0002) .0021 (.0002)
Switzerland .0002 (.0002) .0014 (.0003) .0018 (.0003)
Canada .0047 (.0009) .0037 (.0004) .0036 (.0002) .0029 (.0002)
Australia .0061 (.0011) .0063 (.0010) .0060 (.0006)
Country 3 Month 6 Month 1 Year
USA (Bill) .0052 (.0003) .0049 (.0003) .0048 (.0004)
UK (Bill) .0023 (.0005) .0015 (.0003)

Euro (Bill)

0035 (.0004)

.0022 (.0003)

Japan (Bill) 0011 (.0009)
Norway (Bill) | .0050 (.0004) .0050 (.0006)
Sweden (Bill) | .0037 (.0005) .0048 (.0006)
Switzerland (Bill) | .0025 (.0005)
Canada (Bill) | .0050 (.0009)  .0038 (.0005)  .0036 (.0002)
Denmark (Bill) | .0017 (.0003)  .0015 (.0006)

Our data suggests that the relationship between the levels of interest rates and conve-
nience yields breaks down when interest rates become negative. While we have few countries
(Denmark, Japan, and Switzerland) that primarily experience negative interest rates, there
does not seem to be a positive relationship between interest rates and convenience yields
for these very low rate currencies. We provide further evidence for this lack of relationship
when rates are negative with an event study in Table 10 and panel data in Table 14. Our
theoretical model in section 6 presents an explanation. When rates are positive, the liquidity
benefits of cash and other safe assets are closely substitutable. When rates are negative and
cash dominates the return on other assets, the cost of holding physical paper cash is not a
cost shared by safe, money-like assets that can be traded electronically. Because our paper
compares convenience yields across countries, we believe it is the first that shows convenience

yields are not related to the level of interest rates once nominal rates become negative.
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Figure 3. Cross-section of average convenience yields versus average government bond rates
Plots the average convenience yield against the average government bond rate for each country. The conve-
nience yield is the 1-year box rate minus the 1-year government bond rate in all countries except Norway,
Sweden, and Denmark where we use 6-month rates and Japan where we use 3-month rates for a larger sample
of observations to estimate average convenience yields.

3.1 Cross-section of other risk-free rates and explanatory factors

This section explores how convenience yields on assets other than Treasuries vary with
the level of nominal interest rates and other predictors. Table 3 shows that a range of other
interest rate spreads than the Box-Treasury spread vary with the level of interest rates.
For assets that are more “money-like” than Treasuries, such as savings deposits, the asset’s
convenience yield increases more than that of Treasuries when interest rates increase. For
assets which are less “money-like” than Treasuries, such as corporate bonds, their convenience
yield increases less than that of Treasuries. Second, we show in Table 4 that several variables

other than nominal interest rates do not explain convenience yield levels across countries.

Table 3 examines how spreads between Treasuries with Box rates, corporate bond yields,

interbank borrowing rates (LIBOR), swap rates (OIS), and savings deposit rates vary with
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the level of interest rates. Our basic hypothesis, following the IS-LM model and Nagel (2016),
is that liquidity is more scarce when interest rates are higher, since the nominal interest rate is
the income forgone by holding the most liquid asset, cash. As rates increase, liquidity premia
should increase proportionately with the nominal interest rate, so the spread between two
assets should increase in proportion to the difference in their liquidity /convenience. We find
evidence consistent with this hypothesis. A 1% increase in Treasury rates predicts a 63 basis
point increase in the convenience yield of savings deposits relative to Box rates. In contrast,
the implied convenience yield of risky corporate bonds increases by less than 4 basis points,
consistent with corporate bonds being at most slightly more money-like than options.? If
box rates are the benchmark without a convenience yield, our results imply that OIS and

LIBOR rates have convenience yields that are of similar size to Treasury convenience yields.

Table 4 shows that predictors other than the level of nominal interest rates cannot explain
the cross-section of countries’ convenience yield levels. First, countries with higher sovereign
CDS spreads if anything have smaller convenience yields. This shows that the Box-Treasury
spread does not measure sovereign default risk, which would require that the spread increase
with default risk. Second, a country’s government debt-to-GDP ratio has an insignificant
ability to predict convenience yields. This differs from Krishnamurthy and Vissing-Jorgensen
(2012) who show in US time-series data that a higher debt-to-GDP strongly predicts a
lower convenience yield. This suggests that the nominal interest rate, which measures a
price of convenience rather than a quantity of safe debt, is the more robust predictor of
convenience yields. The R-squared of our put-call parity regression (divided by its cross-
sectional standard deviation to normalize), which measures microstructure frictions in option
markets, has only a predictive R-squared of .03. Finally the Libor-OIS spread, measuring

bank credit risk, and stock market volatility also have minimal predictive power.

2This is consistent with Diamond (2020), who presents a model where corporate bonds can back bank
deposits but require a buffer of costly equity capital to bear credit risk and therefore are only slightly
“money-like.”
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Table 3. Cross-country regressions of average interest rate spreads onto average government
bond rates Reports the OLS slope coefficient and explanatory power from a cross-sectional regression of
average convenience yields onto average government bond rates for each country using different rates to
estimate the convenience yield. For the Box rate we use a 1-year maturity in all countries except Norway,
Sweden, and Denmark where we use 6-month rates and Japan where we use 3-month rates for a larger
sample size to estimate the average convenience yield. Our corporate yield spreads are from Liao (2020)
and aggregate across maturities for AUD, CAD, CHF, EUR, GBP, JPY. For Libor and OIS we use a 1-year
spread for USD, GBP, EUR, CHF, a 6-month spread for SEK, DKK, CAD, AUD, and a 3-month spread for
JPY. For Libor we use a 6-month spread for NOK and for OIS we exclude NOK because OIS swap rates are
unavailable. Savings deposits spreads are computed relative to 3-month bill yields. The final column reports
the implied increase in the rate’s convenience yield versus the Box rate for a 1% increase in the government
bond rate by subtracting its slope coeffients from that for the Box-Treasury spread.

Number of Increase

Rate Slope (bps) SE(Slope) R?  Countries vs. Box
Box 15.63*** 3.26 0.74 10 0.00
Corporate 11.93*** 4.03 0.69 6 3.70
LIBOR 4.70 6.57 0.06 10 10.92
OIS -0.05 3.89 0.00 9 15.68
Government 15.63
Deposit -47.85%* 14.58 .57 10 63.48

Table 4. Cross-country regressions of average Treasury convenience yields onto different ex-
planatory factors Each row reports the slope from a cross-sectional OLS regression with an intercept of
the average box convenience yield onto the average explanatory factor across countries. The last row reports
the number of countries in the regression (N).

Panel A: Nominal Interest Rates Slope (bps) Std. Err. (Slope) R? #N
Government Bond 1y 15.63*** 3.26 0.74 10
Government Bond 2y 19.04*** 3.66 0.77 10
Central Bank Policy Rate 16.52%** 3.64 0.72 10
Libor 3m 16.63*** 3.25 0.77 10

Panel B: Credit Risk and Bond Supply Slope (bps) Std. Err. (Slope) R? N

CDS 5y -0.91 0.76 0.15 10
CDS 1y -1.49 1.67 0.09 10
Debt-to-GDP Ratio -0.10 0.12 0.09 9
Panel C: Frictions and Volatility Slope (bps) Std. Err. (Slope) R? N
Normalized Option R-squared -3.29 6.47 0.03 10
Libor minus OIS spread -0.49 0.41 0.16 9
Stock market realized volatility 1.27 2.09 0.04 10
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4 Convenience yields and covered interest parity

This section relates our convenience yield estimates in each country to deviations from
covered interest parity (CIP) observed between countries. As documented by Du et al.
(2018b), CIP held precisely for interbank borrowing rates (LIBOR) before the 2008 financial
crisis but has been persistently been violated since then, largely due to post-crisis financial
regulation. CIP deviations between risk-free rates in two currencies can occur for two reasons.
First, frictions in international arbitrage can drive a wedge between required rates of return in
two countries. Second, the risk-free rates in the two currencies can reflect reflect convenience
yields of different size. Using our box rates together with other interest rates, our analysis

decomposes CIP deviations into these two distinct channels.

We find that box CIP deviations, which we argue do not reflect a convenience yield,
are approximately the same between the US and any foreign country when averaged over
time. This is consistent with there being a cost of international arbitrage that is roughly
the same size between the US any other G11 country. Unlike our box rate, average CIP
deviations constructed from Treasury yields, LIBOR or OIS rates, or savings account rates
have magnitudes that strongly vary with the level of countries’ nominal interest rates. This is
consistent with the hypothesis that these non-box interest rates have convenience yields that
vary with the level of nominal interest rates. Our box CIP deviations are therefore a useful
candidate measure of the cost of international financial arbitrage. CIP deviations constructed

from other rates may reflect both this cost and the difference in countries’ convenience yields.

Suppose that one dollar can buy S; units of foreign currency at time ¢, and promising one
dollar in a forward contract in n periods can buy F} ., units of foreign currency in n periods.

If if’t +n and z{ ++n are the n-period continuously compounded risk-free rates denominated in
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dollars and in foreign currency, then covered interest parity holds if

St
E,t+n

. 1 .
Zf,tJrn = E(ZOQ(St) —log(Fiqn)) + Z£t+n~

exp(ni{,t+n)

exp(nif,t+n)

CIP reflects the fact that a dollar can be swapped into foreign currency today at exchange
rate Sy, invested at the foreign rate z{ t+n, and then swapped back to home currency at forward
price F ., to construct a “synthetic dollar interest rate.” In the absence of arbitrage, this

synthetic rate equals the dollar interest rate z‘f’t +n- CIP deviations are given by

1 )
(10g(Sy) — 10g(Fyt1n)) = L pms

_ 8
CIPDypn = lggin —

which is positive if dollar rates are above synthetic dollar rates and negative if below.

Our analysis of CIP deviations for both box rates and other rates allows us to determine
the extent to which CIP deviations are due to a convenience yield for safe assets. Box CIP
deviations are an arbitrage spread that does not reference the prices of any safe assets. In
contrast, government bond CIP deviations are impacted by the convenience yield of govern-
ment debt. We decompose the CIP deviation for a risk-free asset r (either a government

bond or another safe asset) denominated in dollars $ and in a foreign currency f as

r -5, 1 -f,r
CIPD; p, = iy = ~(109(Se) = l0g(Fyren)) = ili1  (6)
1 :
.$ box . f,box . f,box .for .$ box $r
- (%,tﬁn - ﬁ(lOg(St) - log(Ft,H-n)) - lefc,tlikn) + [(Z{,tlikn - l{,t+n) - (Zt,thrn - Zt,t+n>] (7)
= CIPD??SQ—Ci-n + (O}/;{;ﬁ—n - C(Yﬁtﬁ—n) (8)
The box CIP deviation term CIPD}7:,, is inferred only from the prices of risky assets that

should not earn a convenience yield. The second term, (CY;’; o — CY3,,) is the difference
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between our foreign and US convenience yield estimates. Each country’s convenience yield
is inferred from domestic assets and does not reflect international arbitrage frictions. This
decomposition allows us to separate observed CIP deviations into a box CIP deviation, re-
flecting frictions between countries, and the difference in domestic convenience yields within
each country. If discount rates in the US are broadly below foreign ones for identical cash-
flows, the box CIP deviation term should be negative. If the convenience yields specifically

for US safe assets are larger than in other countries, then the second term should be negative.

We have two main results on the cross-section of CIP deviations. First, every country
has a negative box CIP deviation with the dollar, with little heterogeneity in size across
countries. Dollar box rates are strictly below synthetic dollar rates implied by any foreign
country’s box rates. While previous work (Du et al., 2018a,b) shows that most countries
have negative CIP deviations with the dollar using other risk-free rates, Australia and New
Zealand are exceptions to this. In contrast, our results are consistent with roughly the same
cost of international arbitrage between the US and any other G11 country. Our theoretical
model in section 6 shows that these results are consistent with dollar funding playing a
unique role in the global financial system, with international arbitrageurs paying a cost to

borrow risk-free in dollars and lend risk-free in foreign currencies.

Second, the size of a country’s box CIP deviation is nearly uncorrelated with the country’s
level of interest rates. Unlike for box rates, Du et al. (2018a,b) show that the size of CIP
deviations using LIBOR,OIS, or government bonds are predicted well by each country’s level
of interest rates. Our result for box CIP deviations, combined with our previous result that
the level of interest rates explains the cross-section of countries’ convenience yields, suggests
that the variation across countries in the size of CIP deviations found in previous work may

be explained by the sizes of safe asset convenience yields across countries.

Tables 5 and 6 present countries’ box rate and government bond CIP deviations. In
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Table 5. Summary statistics for average box rate CIP deviations A deviation of .01 represents a
1 percent yield spread, where the sign convention is that a negative spread reflects that dollar box rates are
lower than a rate constructed with foreign box rates and foreign exchange transactions.

Country 3 Month 6 Month 1 Year 2 Year
Australia | -0.0008 (.0011) -0.0010 (.0010) -0.0009 (.0008)
Canada -0.0019 (.0010) -0.0012 (.0006) -0.0011 (.0002)
Switzerland | -0.0008 (.0003) -0.0011 (.0003) -0.0014 (.0004) -0.0020 (.0004)
Euro -0.0004 (.0003) -0.0005 (.0003) -0.0008 (.0003) -0.0012 (.0003)
UK 0.0010 (.0005) -0.0001 (.0003) -0.0004 (.0003) -.0006 (.0008)

Japan -0.0014 (.0014)

Norway | -0.0012 (.0005) -0.0011 (.0006)
Sweden | -0.0013 (.0005) -0.0023 (.0006)
Denmark -.0008 (.0004)  -.0013 (.0004)

both tables, most CIP deviations are negative, which implies that investors accept a lower
rate of return when holding dollar assets than when using the FX market to manufacture
synthetic dollar rates from foreign assets. However, box and government CIP deviations
behave differently when we examine them across countries. In high-interest rate countries
like Australia, government CIP deviations are positive, while in low interest rate countries
like Switzerland, Denmark, and Japan, government CIP deviations are the most negative,
between -30 and -50 basis points. Figure 4 confirms previous work finding that the size of

government CIP deviations is closely related to the level of countries’ nominal interest rates.

Unlike CIP deviations for other rates, we find no relationship between a country’s interest
rate level and the size of its box CIP deviation. Figure 4 shows that the cross-section of
box CIP deviation magnitudes is not closely related to the level of interest rates. Table 7
shows that a country’s average one-year interest rate has only a slope of 1.6 basis points and
an R-squared of .1 for predictiong box CIP deviations. For corporate bond CIP deviations
constructed by Liao (2020), which are risky and therefore should earn a minimal convenience
yield, there is also almost no relationship with the level of nominal interest rates. This is

unlike CIP deviations for government, LIBOR, OIS, and deposit rates. Table 7 shows that a
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country’s average interest rate level predicts the government CIP deviation magnitude with
an R-squared of .67, and a 1% rate increase predicts a 12.65 basis point increase in its CIP
deviation. For savings deposits, which are even more “money-like” than Treasuries, a 1%

rate increase predicts an even larger 49.4 basis point increase in CIP deviations.

Table 6. Summary statistics for average government bond rate CIP deviations A deviation of .01
represents a 1 percent yield spread, where the sign convention is that a negative spread reflects that dollar
government bond rates are lower than a foreign government bond rate swapped into dollars with a foreign
exchange transaction.

Country 3 Month 6 Month 1 Year 2 Year
Australia 0.0007 (.0004)  0.0004 (.0004)  0.0007 (.0004)
Canada 0.0002 (.0002)  -0.0003 (.0001) -0.0006 (.0001)  0.0001 (.0004)
Switzerland -0.0047 (.0004)  -0.0037 (.0005)
Euro -0.0012 (.0002) -0.0014 (.0002) -0.0018 (.0003) -0.0022 (.0005)
(.0002)
(.0003)

(.0002) (.0002)
UK -0.0019 (.0005) -0.0013 (.0003) -0.0006 (.0002) -0.0001 (.00005)
Japan | -0.0032 (.0003) -0.0036 (.0003) -0.0044 (.0003
Norway | -0.0002 (.0003) -0.0006 (.0004)

Sweden | -0.0010 (.0005) -0.0011 (.0004)

Denmark | -.0020 (.0003)  -.0028 (.0004)  -.0044 (.0003)

These results suggest that the unique role of the US in the global financial system is
reflected broadly in low dollar-denominated yields and not specifically in low yields for safe
assets such as Treasuries. The model in section 6 explains the results by assuming that inter-
national arbitrageurs are financed with dollar-denominated debt and face leverage regulation
that makes international arbitrage costly. This assumption explains both why box CIP devi-
ations (if box rates have no convenience yield) are negative and of similar magnitude for all
countries. In addition, the model has a domestic market for safe assets where convenience
yields are proportional to the level of nominal interest rates, with the US no different from
other countries. While there may be demand by foreigners to hold US safe assets, this is
not reflected narrowly in an unusually large convenience yield for US Treasuries. Instead,
international arbitrage frictions result in dollar yields below dollar risk-free rates implicit in

foriegn asset prices, even for assets that do not have a convenience yield.
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Figure 4. Cross-section of average CIP deviations for box rates and government bond rates
Plots the average CIP deviation for government bond rates and box rates against the average government
bond rate for each country. The CIP deviation is computed for a 1-year maturity in all countries except
Norway, Sweden, and Denmark where we use 6-month rates and Japan where we use 3-month rates for a
larger sample size of box rates from which we estimate the average CIP deviations.

5 Convenience yields and CIP deviations over time

This section examines the behavior of convenience yields over time. We first present
a time-series of one year convenience yields in Figure 5 for the four currencies with the
most precise rate estimates, the US, UK, Euro, and Switzerland. These convenience yields
co-move strongly with each other and seem to rise during identifiable periods of financial
distress. For our most precisely estimated currencies, the US and Euro, we present plots of

the term structure of their convenience yields in figures 6.

Although the US does not have an unusually large convenience yield, the US-centered
2008 financial crisis had an unusually large impact on convenience yields in other countries.
In Figure 5, all countries have by far their largest convenience yields following 2008. The
US convenience yield reaches the highest level at roughly 120 basis points, the UK and

Switzerland both exceed 100 basis points. and the Euro exceeds 80 basis points.
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Table 7. Cross-country regression of average CIP deviation onto average government bond
rate Reports the OLS slope coefficient and explanatory power from a cross-sectional regression of average
CIP deviations onto average government bond rates for each country using different rates to estimate CIP
deviations. For the Box rate we use a 1-year maturity in all countries except Norway, Sweden, and Denmark
where we use 6-month rates and Japan where we use 3-month rates for a larger sample size. For the corporate
rate we use the corporate basis from Liao (2020) which is available for AUD, CAD, CHF, EUR, GBP, and
JPY. For Libor and OIS we use a l-year spread for USD, GBP, EUR, CHF, a 6-month spread for SEK,
DKK, CAD, AUD, and a 3-month spread for JPY. For Libor we use a 6-month spread for NOK and for OIS
we exclude NOK because OIS swap rates are unavailable. The last column reports the number of countries
in the regression (N).

Rate to estimate

CIP deviation Slope (bps) SE(Slope) R* N
Box 1.60 1.77 0.10 9
Corporate -1.97 2.49 0.14 6
LIBOR 12.21%** 3.44 064 9
OIS 14.60*** 2.77 082 8
Government 12.65*** 3.32 0.67 9
Deposit 49.39 *** 18.27 051 9

The European financial crisis in 2011-2012 lead to a Euro convenience yield over 60 basis
points, with only moderate spillovers onto other currencies. In addition, the UK convenience
yield exceeds 80 basis points after the March 29, 2017 request to leave the European Union,
but convenience yields in other currencies only increase slightly. Swiss convenience yields
stay mostly negative starting in late 2010 after Swiss nominal rates also became negative.

Swiss convenience yields seem immune to crises in other countries after 2008.

For the currencies in Figure 5, convenience yields tend to spike during financial crises,
and a country’s own convenience yields spike particularly during a domestic financial crisis.
While the 2008 crisis, which originated in the US, was a period where dollar safe assets had a
larger convenience yield than other currencies, this is not the case in crises centered in other
countries. FEuro convenience yields were the largest during the Euro crisis which peaked in
2010-2012, while UK convenience yields were the largest during the Brexit panic of 2017.
The difference between US and foreign convenience yields, which by equation 8 contributes

to the size of CIP deviations, is not generally larger in financial crises than in other times.
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Figure 5. Time-series of convenience yields for USD, EUR, CHF, GBP Plots the time-series of
box convenience yield estimates for a 1-year maturity for the United States, Europe, Switzerland, and the
United Kingdom as a 50-day moving average in basis points.
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Figure 6. Term-structure of convenience yields for EUR and USD Plots the term-structure of box
convenience yield estimates for Europe and the United States as a 50-day moving average.



Term Structure of Convenience Yields Figure 6 plot the term structure of conve-
nience yields for the two most liquid currencies, the euro and the dollar. In both currencies,
there is strong co-movement of convenience yields across maturities, with all maturities in-
creasing in the 2007-2009 US crisis, 2010-2012 Euro crisis, and somewhat in the 2017 Brexit
crisis. Smaller convenience yield movements outside of crises also seem to be strongly cor-
related across maturities in each country. However, the two term structures differ in their
conditional slope. In Europe, periods of financial distress feature the highest convenience
yields for the shortest maturities, with smaller increases at longer maturities. The term

structure of US convenience yields remains roughly flat even when it is elevated.?

5.1 CIP deviations: Time-series evidence

This section analyzes the time-series behavior of Box and Government CIP deviations.
Because the US, Europe, the UK, and Switzerland have the most precisely estimated option-
implied interest rates, we restrict ourselves to analyze only these countries. As previous
literature has documented (Du et al., 2018a), government CIP deviations grow dramatically
during financial crisis such as 2007-2009. By decomposing government CIP deviations into
box CIP deviations and convenience yield differences using equation 8, we aim to understand
whether a special demand for dollar-denominated safe assets is a key feature of financial
crises. We analze two time series: 1. the average one-year box CIP deviation between of the
UK, Europe and Switzerland and the US and 2. the difference between the average one-year

convenience yield of the UK, Europe and Switzerland and the US one-year convenience yield.

Box CIP deviations become large and negative during financial crises, always moving in

the same direction in the crises we observe. This is a key asymmetry in Figure 7, where the

3 While our box rate maturities goes to a maximum of 3 years, we are unable to analyze patterns in
convenience yields at 5-10 year maturities documented in Du et al. (2018a), where US convenience yields
seem to decrease over time.
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blue line shows dollar rates falling relative to foreign synthetic dollar rates in all observed
crises. In the 2007-2009 US financial crisis, the 2011-2012 European financial crisis, and
the financial turmoil surrounding Brexit in 2016, US box rates fall below synthetic dollar
interest rates constructed using foreign box rates and currency hedging. However, during
tranquil periods in financial markets (i.e. when convenience yields are low), synthetic dollar
box rates return back near the level of US box rates. This asymmetry is unlike convenience
yields themselves, which grow largest in the US during the US crisis, largest in Europe
during the Euro crisis, and largest in the UK during the Brexit crisis. The growth in box
CIP deviations in all financial crises is one dimension in which the US seems special in the
global financial system. Our theoretical model in section 6 is consistent with this finding if

international arbitrageurs are exposed to crises in all countries.

Table 8. Regressions of box CIP deviations and convenience yield differences on government
CIP deviations The first column presents time-series regression results of the average one-year box CIP
deviation for the UK Europe and Switzerland on the average one-year government CIP deviation for these
same three countries. The second column presents time-series regression results of the difference in the
average one-year convenience yield of these 3 countries on the average of their one-year government yield
CIP deviations. Observations are at a daily frequency.

Box CIP Conv. Yield Difference
Intercept | 0.001 ( .00005 ) -0.001 (.00005)
Slope 0.848 (0.014) 0.152 (0.014)
R-squared .003 .0316

The difference between US and foreign convenience yields does not seem to grow on aver-
age during crises. While this convenience yield difference does increase in 2008 following the
bankruptcy of Lehman brothers to roughly 40 basis points, this level that was fairly average
before 2008. During the European financial crisis and after Brexit, foreign convenience yields
grow more than those in the US. While our sample only has a few crises, this suggests that
US convenience yields are only disproportionately large during US-centered financial crises.

This is in contrast to box CIP deviations which grow during all financial crises we observe.

Table 8 shows that the increase in government bond CIP deviations in crises is due pri-
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Figure 7. Average CIP deviation versus average convenience yield difference from the US
for GBP, EUR, and CHF Plots the average 1-year box CIP deviation and 1l-year convenience yield
difference from the United States for the United Kingdom, Europe, and Switzerland. The CIP deviation and
convenience yield difference are averaged across available countries each day and then reported as a 50-day
moving average.

marily to international arbitrage frictions that also impact box CIP deviations. A time-series
regression of box CIP deviations on government CIP deviations has an R-Squared of .503,
while a time-series regression of the difference between US and foreign convenience yields
on government CIP deviations has an R-squared of only .316. The time-series correlation
between box CIP deviations and convenience yield differences is -.57. Because the sum of
these two series equals the government CIP deviation, convenience yield differences tend to

reduce rather than amplify the size of government CIP deviations during crises.
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5.2 Event study: Covid-19 crisis

The March 2020 Covid financial crisis provides additional evidence that box CIP devia-
tions grow during crises, even when dollar convenience yields do not. The brief turmoil in
March 2020 is not easily visible in the charts above, since a 50-day moving average nearly
removes it. As documented in He et al. (2021), Ma et al. (2021), this crisis featured unusual
selling pressure in the US Treasury market, with some long term Treasury rates increasing.
At the maturities for which we have box rates, Figure 8 shows that Treasury convenience

yields temporarily became negative, consistent Treasuries facing unusual selling pressure.
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Figure 8. US short-term rates and convenience yields during the Covid-19 crisis Left plot shows
the 1-year box convenience yield for the United States against the 1-year box rate, 1-year government rate,
and midpoint of the Federal funds target range as a five-day moving average from January to June 2020.
Right plot reports the term-structure of box convenience yield estimates for the United States as a 5-day
moving average from January to June 2020.

However, Figure 9 shows that box CIP deviations behaved similarly in this crisis as in
previous ones. Across all three foriegn currencies, synthetic dollar box rates were well above
actual dollar box rates, with the difference averaged across maturities peaking near 40 basis
points. This is consistent with our previous findings- in all observed financial crises, dollar

box rates fall below synthetic dollar box rates. Figure 9 shows that dollar convenience yields
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Figure 9. Box CIP deviations during Covid-19 crisis Left plot shows the box CIP deviation for
Europe, Switzerland, and the United Kingdom averaged across 3, 6, 12, and 24-month maturities from
January to June 2020. Right plot shows the average 1-year box rate and government bond rate CIP deviations
across Europe, Switzerland, and the United Kingdom against the average convenience yield difference from
the United States from January to June 2020.

were lower than foreign ones, suggesting that the turmoil in the US Treasury market was
not seen in other countries. Although a negative dollar convenience yield is unusual, the fact
that box CIP deviations grew in this crisis but not the difference between US and foreign
convenience yields is consistent with larger crises shown in Figure 7. However, the fall in US
convenience yields was so large in this crisis that government and box CIP deviations moved

in opposite directions in March 2020, as shown in figure Figure 9.

5.3 Event study: Central bank policy actions

This section analyzes the impact of central bank policy on convenience yields and CIP
deviations. Motivating by the finding in van Binsbergen et al. (2021) that US quantitative
easing (QE) only had a large impact during financial crises, we focus on three large policy

interventions that occured during periods of unusual stress.* We first study the international

4Closest to our analysis is Viswanath-Natraj (2020) who considers the impact of QE on CIP deviations
without a specific focus on severe crises.
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impact of the first round of QE in the US in the 2007-2009 crisis, using the events identified
by Krishnamurthy and Vissing-Jorgensen (2011). Next, we consider the impact of QE by the
European Central Bank during the European crisis of 2009-2012, using the events identified
by Krishnamurthy et al. (2018).° Finally, we analyze the event on January 15, 2015 when
the Swiss National Bank broke its currency peg with the Euro.

We find that QE policies from both the US and from the ECB reduce domestic as well
as foreign convenience yields as well as the magnitude of CIP deviations. We measure the
impact of each QE event by taking the difference between the value of target variables a
day before after the announcement. We then sum these effects across all of a country’s QE
announcements to get the overall impact of its policy announcement surprises. Table 9a
shows that the Federal Reserve’s QE1 policies reduced US convenience yields by 45-61 basis
points at various maturities. Both European government and box rates were reduced by these
QE announcements, and we find a reduction in European convenience yields at the shortest
maturities. Similarly, Table 9b that the ECB’s QE policies reduced European convenience
yields by 28 basis points at a 6-month maturity, 20 basis points at a 1-year maturity, and
had little effect at a 2-year maturity. US convenience yields modestly decreased by 12 basis
points at 6-month and 1-year maturities. At 6-month and 1-year maturities, both countries’s
QE interventions had a positive impact on our box CIP basis. Because box CIP deviations

are generally negative, this implies that QE reduced the size of CIP deviations.

These results suggest that during a crisis, QE reduces both domestic and international
financial frictions. In our theoretical model, a country’s convenience yield during a financial
crisis is determined by frictions in its domestic financial system. Because QE reduces conve-
nience yields, this implies that it is reducing the severity of financial frictions. In our model,

the size of CIP deviations in a financial crisis is determined by the severity of frictions faced

>These dates are November 25th, 2008, December 1st, 2008, December 16th, 2008, January 28th, 2009,
and March 18th, 2009 for QE 1 and May 7th, 2009, May 10th, 2010, August 7th, 2011, December 1st, 2011,
and July 26th, 2012 for the ECB’s QE.
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by international financial arbitrageurs. The fact that both US and ECB QE policies reduce
CIP deviations therefore suggests that QE reduces frictions in international arbitrage. Our
empirical results imply that QE therefore has some ability to reduce both domestic and

international financial frictions, although the domestic impact is larger.

Figure 10 and Table 10 show a large fall in Swiss interest rates following the end of the
Swiss currency peg with the Euro on January 15, 2015. Rates were relatively stable before
and after this event, with a short period of turmoil following it. We therefore use a 2 week
event window in Table 9b to study the impact of this event on Swiss interest rates and
convenience yields. Across maturities, Swiss Box rates fell from 55 to 116 basis points. We
observe a nearly identical impact on government and box rates, so this policy had effectively
no impact on Swiss convenience yields. This strengthens our finding that the level of interest

rates has little to do with the level of convenience yields when rates are negative.
Table 9. Presents event study evidence on the impact of QE. For each variable, we sum its

change from the day before to the day after each QE announcement to get a total change
due to all QE announcements. .01 represents a 1 percentage point change in a rate.

(a) Impact of Fed QE, Nov 2008-Mar 2009 (b) Impact of ECB QE 2009-2012

Maturity 6m ly 2y 6m 1y 2y

Euro Gov Rate -0.0025 -0.0027 -0.0029 [-0.0014 -0.0017 -0.0012
Euro Box Rate -0.0053 -0.0057 -0.0011 |-0.0043 -0.0037 -0.0010
Euro Convenience Yield -0.0028 -0.0030 0.0019 |-0.0028 -0.0020 0.0002
US Gov Rate -0.0026  -0.0026 -0.0036 | 0.0000 -0.0001 -0.0002
US Box Rate -0.0071  -0.0087 -0.0096 |-0.0012 -0.0013 0.0003
US Convenience Yield -0.0045 -0.0061 -0.0060 |-0.0012 -0.0012  0.0005
Euro/US Gov CIP 0.0041  0.0047 0.0035 | 0.0015 0.0008 -0.0016
Euro/US Box CIP 0.00244 0.00171 -0.0043 | 0.0032 0.0015 -0.0014
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Figure 10. Swiss Interest Rates Before and After End of Euro Currency Peg on Jan 15, 2015

Table 10. Effect of Jan. 15 2015 Break of Swiss Currency Peg on Interest Rates (2-week
change), where .01 reprents a 1 percentage point change in rates.

Maturity 3m 6m ly 2y 3y

Swiss Government Rate -0.0067 -0.0057 -0.0053
Swiss Box Rate -0.0116 -0.0089 -0.0071 -0.0058 -0.0055
Swiss Convenience Yield -0.0004 -0.0002  -.0002

5.4 Convenience yields, CIP deviations, and exchange rates

This section analyzes the relationship between exchange rates, convenience yields, and
box CIP deviations. Both box CIP deviations and the difference between US and foreign
convenience yields forecast bilateral exchange rates. This extends Engel and Wu (2022),
who forecast exchange rates with government bond CIP deviations, by showing that both

convenience yields and international arbitrage frictions explain the predictability they find.

Like Engel and Wu (2022), our benchmark specification is a monthly regression

ASs; 41 = 0+ B, ABoxCIP;+ByBoxCIPyy_1+ B ACY dif f4+B,CY dif fir1+tjesr, (9)
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where As; ;41 is the log exchange rate of currency j with respect the the dollar from month ¢ to
month ¢+ 1, with the convention that it is positive when the dollar appreciates. BoxCIP;;_4
is the country’s box CIP deviation with respect to the dollar, with the convention that it is
positive when a country’s synthetic dollar yield is below the dollar box rate. CYdif f;,; is
the difference between a country’s convenience yield and the dollar’s, with the convention
that it is positive when a country’s convenience yield is larger than the dollar’s. We use the

exchange rates of the British pound, euro, and Swiss franc against the dollar.

We present our baseline results in the first column of Table 11, and a second predictive
regression for the contemporaneous exchange rate change As;, in the second column. In
both specifications, a 100 basis point reduction in a country’s box CIP deviation is associated
roughly with a 5% appreciation in its exchange rate. This is consistent with the result that
box CIP deviations spike and the dollar appreciates during crises. Similarly, when a country’s
convenience yield grows 100 basis points larger than that of the dollar, both specifications
imply that its exchange appreciates roughly 4 % relative to the dollar. Appendix Table A2

shows that the results are similar when all three currencies are analyzed separately.

Table 11. Monthly Exchange Rate Forecast Regressions, following Engel and Wu (2022).
Monthly regression from Jan 2004 to July 2020. Each regression attempts to predict either

next month’s log exchange rate change As;,; or the contemporaneous exchange rate change
AS]' t-

Variable Coefficient  Standard Error | Coefficient Standard Error
ABoxCIP;, -5.13 2.49 -4.27 1.93
BoxCIP; ;1 -.862 .852 -1.79 916
ACYdif fj+ -3.88 1.87 -4.17 2.07
CYdiffj1-1 -.836 .955 -1.86 .953
R-squared: 0.0531 0.0626
Predicted varible | As; 11 Asj

Next, we examine the ability of exchange rates to predict changes in CIP deviations. This

follows Avdjiev et al. (2019), who show that fluctuations of the dollar against a broad basket
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of other currencies strongly predict LIBOR CIP deviations. Conditional on the return on the
so-called “broad dollar”, a country’s bilateral dollar exchange rate has almost no additional
ability to predict its CIP deviation. We find a similar result for box CIP deviations, but the
difference between US and foreign convenience yields is nearly uncorrelated with the broad
dollar exchange rate. Under the interpretation of Avdjiev et al. (2019) that the broad dollar
is a good barometer for global financial frictions, this provides additional evidence that box

CIP deviations spike during financial crises but that convenience yield differences do not.

We use changes the US trade-weighted broad dollar index ADollar; and changes in

country j’s bilateral dollar exchange rate ABER;, to predict changes in the variable z;

Azj = aj + SADollary + YABERj; + €. (10)

We use specification first where z;; is country j’s box CIP deviation with the dollar and
then where x;, is the difference between the country’s convenience yield and that for dollar
safe assets. Table 12 shows that this regression has predictive power only for box CIP
deviations and not for convenience yield differences. A country’s bilateral exchange rate also
provides effectively no additional predictive power for box CIP deviations once the broad
dollar index is included. Our results imply that a one percentage point increase in the broad
dollar is associated with a 1.72 basis point increase in the size of the one-year box CIP
deviation, between the 2.6 bps and 1.1 bps Avdjiev et al. (2019) respectively reports at a
3-month and 5-year maturity. Relative to existing work, our contribution is to show that
this predictability is due to international arbitrage frictions measured by box CIP deviations

and not to differences between countries’ convenience yields.
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Table 12. Panel A: Prediction of Box CIP deviation (in basis points) using bilateral exchange
rate and broad dollar exchange rate. Monthly regression from Jan 2004 to July 2020 using
data from the UK, Europe, and Switzerland relative to the US. Panel B: Prediction of
convenience yield differences (in basis points) using bilateral exchange rate and broad dollar
exchange rate. Monthly regression from Jan 2004 to July 2020 using data from the UK,
Europe, and Switzerland relative to the US.

Panel A: Panel B:

ABER;, 229 (35) -47(23) ABER;, -27(54) -22(22)
ADollary -1.72 (.56) ADollar, -.15(.34)

R-squared 0.027 0.007 R-squared 0.003 .002

5.5 Convenience yields, CIP deviations, and interest rates

This section analyzes the ability of a country’s nominal interest rates to predict the size its
convenience yields and its CIP deviations in panel data. The predictability of convenience
yields is related to Nagel (2016), who shows that his convenience yield measure can be
predicted well in US data with nominal interest rates. Like Nagel, we control for the S&P
500 VIX as a measure of financial crises, when convenience yields grow and interest rates fall.
Column (1)-(3) of table 13 show that a 1% increase in the US federal funds rate is associated
with a 5.6 basis point convenience yield increase, close to the 6.5 bps found by Nagel, with
similar results for the Euro and Swiss Franc. Columns (4-6) presents panel regressions in all
ten countries with even stronger results.® With time fixed effects, which are a better control
than the VIX for financial crises, we see a 14 basis point convenience yield increase resulting

from a 1% interest rate increase, close to the 15 basis point result in Table 2.

Table 14 strengthens the evidence from Figure 3 that interest rates lose their ability
to predict convenience yields when they are negative. We run the same panel regression
on subsamples with positive and negative nominal interest rates. The within R-squared of

predicting convenience yields with nominal interest rates falls to .01 when rates are negative,

6 Appendix Figure Al plots the monthly average box rate for each currency that is used in the panel
regression analysis.
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Table 13. Convenience yield panel regressions Monthly panel regression of the convenience yield onto
the central bank policy rate and the VIX. Central bank policy rate for short-term nominal interest rates
and the VIX index are averaged each month. The convenience yield is the 1-year box rate minus the 1-year
government bond rate for all countries except SEK, DKK, and NOK where we use 6-month rates and JPY
where we use 3-month rates. For a currency-month observation to be included in the sample we require at
least five days of observed box rates to compute the average monthly convenience yield. The sample period
is January 2004 to June 2020.

(1) (2) (3) (4) (5) (6)
Central Bank Policy Rate 5.61***  6.38**  9.44***  8.77***  14.34*** 5.80%**
(1.40) (2.71)  (1.97)  (1.29) (1.83) (0.90)

VIX 1.17%**  0.92%*  1.06™ 1.10*** 1.14%**
(0.42)  (0.24)  (0.41)  (0.25) (0.21)
R-squared adjusted 423 422 496 .247 .326 .469
Within R-squared 225 218
Currency USD EUR CHF All All All
Fixed Effects None None None None Time Currency
Observations 198 198 198 1330 1330 1330

Notes: HAC standard errors (12 lags) in parentheses, * p < .10, ** p < .05, *** p < .01

with each country’s convenience yield predicted well by a fixed effect for that country. This is
consistent with our theoretical result in equation 15 that nominal interest rates are no longer

a sufficient statistic for the level of convenience yields when interest rates are negative.

Table 14. Convenience yield panel regressions for positive versus negative interest rates Monthly
panel regression of the convenience yield onto the central bank policy rate and the VIX. Column (1) estimates
the regression on the subsample with non-negative policy rates. Column (2) estimates the regression on the
subsample with negative policy rates. The sample period is January 2004 to June 2020.

(1) (2)
Central Bank Policy Rate 5.06%** 5.49
(0.92) (9.15)
VIX 1.25%** 0.15
(0.21) (0.17)
R-squared adjusted 45 .622
Within R-squared .204 .01
Currency All All
Fixed Effects Currency Currency
Policy Rate Non-Negative Negative
Observations 1035 295

Notes: HAC standard errors (12 lags) in parentheses,
* p < .10, ** p < .05, *** p < .01

Finally, we examine in table 15 the ability of nominal interest rates to predict CIP

deviations in panel data. We follow our strongest result from table 13 and include time fixed
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effects to control for periods of crisis. For government, LIBOR and OIS CIP deviations,
which we argue in table 3 are likely to feature convenience yields, nominal interest rates
are a significant predictor. For box or corporate bond CIP deviations that we argue have
little or no convenience yield, interest rates have almost no predictive power, as seen in
the low within-R-squareds in columns (3) and (5). Like our cross-sectional evidence, this is
consistent with the dispersion in CIP deviations across countries being due to differences in
countries’ convenience yields. Once these convenience yields are removed, CIP deviations

are consistent with the same cost of arbitrage between the US and any other G11 country.

Table 15. CIP panel regressions Monthly panel regression of the CIP deviations onto the central bank
policy rate. CIP deviations are computed at a 1-year matuirity except SEK, DKK, and NOK where we use
6-month rates and JPY where we use 3-month rates. Corporate CIP deviations are from Liao (2020) and
do not have a specific maturity. For a currency-month observation to be included in the sample we require
at least five days of observed rates to compute the average monthly CIP deviation.

(1) (2) 3 @ (5)
Central Bank Policy Rate 15.55%** 6.08*** -1.30  10.16™** 0.22
(2.16) (2.01)  (1.25)  (2.22) (0.86)
R-squared adjusted AT74 31 .32 489 .289
Within R-squared .328 .085 .003 .205 .001
Currencies All All All 8 6
Interest Rate Government LIBOR Box OIS Corporate
Observations 1132 1152 1152 986 617

Notes: HAC standard errors (12 lags) in parentheses,
* p <10, ** p< .05, ** p< .01

6 Theoretical explanation

This section presents a simple theoretical model somewhat related to that of Nagel (2016)
that can rationalize four of our main findings. First, a country’s average convenience yield
increases linearly in the level of nominal interest rates, except when interest rates become
negative. Second, convenience yields in each country spike when the country’s domestic
financial system experiences a crisis. Third, CIP deviations for risk-free rates which do not
provide a convenience yield are the same magnitude across all countries and spike during

any international financial crisis. Fourth, for assets which do earn a convenience yield, CIP
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deviations vary across countries with the level of nominal interest rates.

Consumer The model has 3 periods t=0,1,2, with consumers only active at ¢ = 0,2. In
each country j, asset k pays a real cash flow ¢, denominated in units of the local consumption
good at time 2. In addition, there are two “special assets” demanded by consumers- deposits
and cash. Deposits and cash provide liquidity services to consumers that appear directly in
their utility function. Deposits pay a risk-free nominal interest rate 7;40 while cash pays no

interest. Country j’s consumer is endowed with initial wealth W; and maximizes its utility

u(cjo) + BEou(cj2) +v(Cjo, Djo) (11)

where Cjo and Dj, are respectively real cash and deposit holdings(nominal holdings divided
by the current price level Pjy). To capture the idea that depositors are inattentive and
slow-moving, deposits issued at time 0 are only redeemed at time 2. At time 1, deposits and

deposit rates are held fixed. We impose the functional form

U(Cjo, DjO) = F(min(Cjo, C*) + KDjo) - G(ma:v(Cjo — C*, O)) (12)

on the consumer’s benefits of holding liquid assets, where F' and G are strictly increasing
functions with F”” < 0 and G” > 0 and 0 > x > 1 is a constant. Up to a satiation point C*,
cash provides liquidity benefits that are pefectly substitutable for deposits. Becuase k < 1,
cash is strictly more liquid than deposits, so deposits can pay interest even when cash does
not. Beyond the satiation point C*, cash no longer provides liquidity benefits, and the cost
function G reflects fact that it is a physical piece of paper that is costly to store. This cost
stops consumers from substituting entirely to cash when interest rates are negative. Because

G is additively seperable from F, the storage cost of cash is not shared by bank deposits.
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We show in appendix A.1 that the deposit spread is

0v(Cj0,Dj0)
. . . aDj()
b i = e 3
BC]'[)

where 7y is the nominal risk-free rate from for an asset that provides no liquidity services.

When the nominal interest rate is positive, cash must provide a positive liquidity benefit
dv(C40,Dj0)

" . 8Djq . " . . .

so Cj < C*. In this case, Ty = and we get a positive linear relationship between
aC50

nominal interest rates and the deposit convenience yield

7;]'0 — ijd,O = ijQH. (14)

When the nominal interest rate is negative, we must have that Cjo > C*, which implies that

(%(C’jo, DjO)
9C0

dv(Cjo, Djo)

J

= F/(C* + /ﬂDjQ)H. (15)
In this case, the liquidity benefit of holding deposits is not impacted by the supply of cash.
When nominal interest rates are negative, the (negative) liquidity benefit of holding cash
depends only on the quantity of cash held. Likewise, the real convenience yield for deposits
depends only on the quantity of deposits held and is unrelated to the level of nominal interest

rates. We summarize our results in the following proposition (with details in the appendix).

PROPOSITION 1 The convenience yield 70 — 7;40 of bank deposits increases linearly with
the level of nominal interest rates ¢;, when rates are above 0. When rates are negative, real

deposit convenience yields are unaffected by policy that lowers nominal interest rates.

Supply of deposits from intermediary The deposits held by consumers are produced
by financial intermediaries. In each country j, an intermediary is active in all 3 periods

t=0,1,2. It issues equity and deposits at time 0, raises additional equity financing at time
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1 with a frictional cost C(e;;), and then pays cash flows 5;2 at time 2. Funds it raises at
time 1 are taken from the consumer at time 0. It maximizes the value of its equity, which is
priced by the consumption Euler equation (appendix equation A3). Its objective function is

u'(cj2)
u'(¢jo)

—lejol — Eoleji + Clejn)] + BEo &, (16)

The intermediary picks a portfolio with portfolio weights wjl.,;o at time 0 and can rebalance
to a new portofolio wjl.,;l at time 1. The intermediary faces a capital constraint that caps its
deposit issuance. The constraint takes a general form f (wj;j) > D,y for some function f of

=N wi bk

I :
the vector w;;, . We set f(w;,) = p2+——, 50 the constraint becomes
i (I+ij0.0) 72

D =+ A)wii o > (1+ @jd,O)Djop—jp‘

k J

(17)

This constraint can be interpreted as a risk or liquidity weighted capital requirement. The
right hand side of inequality 17 is the real value at time 2 of deposits issued at time 0, which
compound at the real interest rate (1 +ijd,0)%- The left hand side has a weighted sum of the
real payoffs of the intermediary’s portfolio at time 2 with weights (1—(A+2A})) < 1. For most
assets, we think of A} = 0, but some special /convenient safe assets such as Treasuries receive
preferential regulatory treatment, A\; < 0. Holding a Treasury allows the intermediary to
issue more deposits than by holding other assets with A, = 0 that provide the same payoff.

Inequality 17 bounds the intermediary’s leverage in every state of the world.

At time 0, risk-free asset k’s convenience yield is the spread between its interest rate 7 o

and the risk-free rate ¢, of an asset that backs no deposits, which by Appendix A.2 equals

. . of . .
150 — Yjk,o = WZ(Z]'O - Zjdp)- (18)
J
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The convenience yield on an asset the intermediary buys is the amount of deposits a?u_fk it
J

backs times the deposit convenience yield ¢jo — i;40. Using inequality 17, this becomes

1+ Z'jkp

1+ 400 (L= (A + X)) (0 — tja0)- (19)

1j0 — Vg0 =
Deposit convenience yields (which come from households’ liquidity preferences) impact the
convenience yields on assets held by the intermediary, because buying these assets allows the
intermediary to issue deposits. When nominal interest rates are positive, this implies that the
nominal interest rate determines the convenience yield of assets owned by the intermediary
too. One empirical implication of equation 18 is that if deposit convenience yields (i;0 —i;a,0)
increase with with slope k as rates rise, the convenience yield of asset k increases with slope

of

Fu h This is consistent Table 3, showing that convenience yields for less money-like assets
J

vary less with the level of interest rates. We summarize this result below.

PROPOSITION 2 If the intermediary can issue (fu—fk deposits by buying one unit of asset k,
J

the convenience yield on this asset is equal to % times the convenience yield on deposits.
J

If deposit convenience yields increase linearly with slope x with the level of nominal rates,

the convenience yield of asset k increases with slope %m, so assets which provide less
J
convenience % have convenience yields that vary less with the level of interest rates.
J

Next, we analyize the intermediary’s decisions at time 1. At time 1, the intermediary
can rebalance its portfolio but cannot change its quantity of deposits issued. In period 1,
the intermediary can choose to issue additional equity needed to meet its capital constraint.
It can use this new equity to make risk-free loans to the household until it has sufficiently
many assets. Appendix A.2 shows that to a first-order approximation the convenience yield
1 — 5,1 on asset k is given by

C'(ej1)
1 —|— C”(ejl)

BB e5) P i 2 (20

i1 = Lik1 =
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As aresult, convenience yields increase when the cost C’(e;;) of raising equity or the marginal

utility Eyu/(cj2) of the intermediary’s equityholders increase. An asset’s convenience yield

also depends on the ratio w between the quantity of (1 — (A + A})) deposits it can
back versus a ‘non-special” asset with weight A. Finally, the expression minlg—fg is smallest
J

posible ratio between time 0 and 2 prices given time 1 information. Equation 20 explains why
convenience yields spike during financial crises when cost of raising equity and investor risk
aversion are high. However, the ex ante expectation of time 1 convenience yields is related

to deposit convenience yields. Appendix A.2 shows that after a Taylor approximation

ij0 — ko = Eo(1+ C'(ej1))[ijn — tjk]. (21)

The time 0 convenience yield of asset k approximately equals a weighted expectation of its
time 1 convenience yield, where the weight is the marginal cost (14+C"(e;1)) of equity issuance.
Our model therefore is jointly consistent with two key facts about convenience yields. First,
the average level of convenience yields on all safe assets in a country are determined by the
level of nominal interest rates, since this is what determines the convenience yield of deposits.
Second, convenience yields spike during periods of financial distress when intermediaries are

constrained. The following proposition summarizes our results.

PROPOSITION 3 At time 1, the convenience yield i;; — ;51 increases with the marginal cost
C’(ej1) of intermediary equity. To a first order approximation, the time zero convenience
vield ;0 — ;1,0 of asset k equals the weighted expectation Eo(1+C’(ej1))[ij1 — k1], so time
1 convenience yields are expected to be larger for countries with larger time 0 convenience

yields and with higher expected costs C’(e;1) of intermediary equity.

International Financial Arbitrage In addition to the domestic financial intermediary,
there is an international arbitrageur such as a hedge fund or dealer bank that trades across

countries. It is not funded by deposits but by a mix of equity and risk-free wholesale dollar
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funding. This is consistent with Anderson et al. (2020) showing that international arbitrage
is financed primarily with wholesale funding rather than retail bank deposits and that the
global shadow banking system relies on dollar funding. The fact that arbitraguer debt is
dollar-denominated is the only difference between the dollar and other currencies in the
model. Arbitrageur debt is a non-special asset with A\, = 0, and special assets in other
currencies do not provide it any convenience. While the arbitrageur’s debt must be dollar-

denominated, its equity is held by the consumers in a country J that need not be the US.

The arbitrageur maximizes shareholder value with the objective function

—lero] — Elery + Clem)] + BEZ:EZZ; [05]. (22)

It can borrow from the US intermediary at rates ip( at time 0 and i at time 1 and repays
its loans at time 2. It faces a constraint that its leverage ratio cannot be greater than a
constant L, in any state of the world. Let ig, be the dollar risk-free rate the arbitrageur

would accept on an asset that does not loosen its leverage constraint, so

1 B u'(cy2) ess2 Pjo
— = By ——————— (23)

1 +ig u'(c0) esro Py

1 u'(c2) €$.7,2 Pjo
— = 3FE 7 = 24
1+idg, b "' (cg0) esgo(1+ C'(er)) Py (24)

For any risk free-dollar denominated asset k held by the arbitrageur, appendix A.3 shows

that its interest rates igy o, %g51 at times 0 and 1 satisfy

. . 14 g . .
lsk0 — ir0 = T Z.;’O (1 — Ly)(is0 — irp) (25)
0
. . 141 ) )
1§k,1 — LF1 = Toies ;:’1 (1= Ly)(igg —ipy)- (26)
1

These expressions are the spread between the dollar-denominated rate ip; at which the ar-
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bitrageur borrows and ig;, at which it lends, such as by holding synthetic dollar assets in
non-US countries. The spreads can therefore be interpreted as CIP deviations. First, note
that these CIP deviations do not depend on the identity of the asset k. This is consistent
with box CIP deviations being approximately the same on average across countries. Second,
the time one CIP deviation spikes when the spread (ig; — i) increases. The borrowing
rate ip; is a function only of the rate at which the US domestic financial intermediary lends.
However, the rate ig; increases when the marginal cost C'(ep;) of arbitrageur equity in-
creases. As a result, the time 1 CIP deviation increases whenever the intermediary becomes
more financially constrained. This explains the asymmetry in the data that box CIP devi-
ations spike in the same direction during all financial crises, regardless of whether they are
centered in the US. The key asymmetry in the model is that international arbitrageurs are
funded with dollar debt and buy synthetic dollar assets. When the arbitrageur’s financial
constraints tighten, the borrowing and lending rates of the arbitrageur diverge, resulting in

larger CIP deviations. We summarize these results in the following proposition.

PROPOSITION 4 Synthetic dollar assets held by the arbitrageur have yields strictly higher
than the dollar rate at which it can borrow, implying that CIP is violated. The size of this
CIP deviation is the same across countries. An increase in the cost at time 1 C'(ep;) of

arbitrageur equity increases the magnitude of CIP deviations.

If we map our box rates onto “non-convenient” assets held by the arbitrageur, the model
explains both why box CIP deviations are the same size across countries and why these
CIP deviations spike during crises. In addition, the model can explain the fact that CIP
deviations vary with the level of nominal interest rates for more covenient assets, since
convenience yields grow with interest rates. For an convenient asset k in country j for which
A < 0, as noted in equation 8, its CIP deviation can be written as the sum of the box CIP

deviation and the difference between its convenience yield in country j and its convenience
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yield in the US. This matches our results in Table 7 that CIP deviations constructed from

more money-like assets vary more with the level of nominal interest rates.

7 Conclusion

This paper infers risk-free rates from index option prices to estimate the convenience
yields of safe assets in 10 of the G11 currencies. A country’s average convenience yield
increases 15 basis points with a 1% rise in nominal interest rates, although this relationship
breaks down with negative nominal interest rates. The average US Treasury convenience
yield is 35 basis points, slightly below that predicted by its interest rate level. Box CIP
deviations are roughly the same average size of 10 basis points between the US and any G11
country, with this spread spiking during crises. In constrast, CIP deviations constructed
from assets that earn a convenience yield vary strongly with the level of countries’ nominal
interest rates. CIP deviations and convenience yields both spike across the world during

financial crises, but US convenience yields do not grow more than those of other countries.

Previous research has interpreted the growth of CIP deviations and US convenience yields
during crises as evidence of a particularly large convenience yield for dollar safe assets. Using
our box rates, which we argue do not have a convenience yield, we provide two key facts that
suggest a new interpetation. First, foreign convenience yields are just as large and just as
sensitive to crises as US ones. Second, box CIP deviations are nearly the same size between
the US and any other G11 country. To explain our new facts and existing ones, we propose a
model where an international financial system funded with dollar-denominated debt, rather

than an unusually large US convenience yield, makes the dollar unique in global finance.
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Appendix

A Model Derivations

A.1 Consumer’s Problem

The representative consumer in county j is endowed with wealth 1W; and maximizes their
utility
u(cjo) + BEgu(cj2) + v(Cjo, Djo) (A1)

where C is real cash holdings and D is real deposit holdings (that is, nominal holdings
divided by the current price level Pj;) and ¢;; is consumption in country j at time t. Their
consumption at time 0 is ¢;; = W; — Cj — Djy — >, w;rpji. Their consumption at time
218 ¢jo = %[Ojt + (1 + ijg0)Dji] + > wirdjk. Plugging these budget constraints into the

objective function yields

P; . P;
u(W;—Cjo—Djo— Y wips) + BEqu(Cin== + (1 +ija0) Djo 5=+ > wiwdsi) +0(Cjo, Djo)
P P'2 Pj72 P
(A2)

J

Differentiating this expression with respect to portfolio choices w;,Cjo, and Dj, yields the

Euler equations
_ BEod (cj2)

Djk = @) (A3)
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8v(Cj0,Dj0)

. u'(cje) B oD,
1= (1 +ij40)BEy—2 3 » M
(1+1ij40)5 OU/(C]‘O) P, u'(cjo) o
9v(Cjt,Djo)
U (Cii1) P T aC
| = BE,— Ly A
BEo w(cjt) P ' (cjo) ()

For a risk-free nominal asset that does not provide liquidity services, its interest rate ;g

satisfies

. UI(C‘Q) P‘O
1= (1+7,9)BE D2l I A6
( J,0>B 0 U,(COt) -Pj,2 ( )

Plugging equation A6 into equation A5 yields

9v(Cj0,Dj0)
_ 1 9Cjo
1 + ’L.j70 ul(Cjo)
9v(Cj0,Dj0)
1 L 73
1 -+ ’l'j70 U/(Cjo)

Using these expressions in equation A4 yields

. 9v(Cj0,Dj0)
1+ 1540 1 aD;0
l=—"—+{- ) 9u(Cy0,D50)
1+ 25,0 1+ (2%0) gvit;0,750)

aC;
0v(Cj0,Djo)
. . o 8Dj0
4,0 7 %jd0 = 13,0 0v(Cj0,Dj0) °
aC50

This is precisely equation 13 from the main text.

Finally, we consider the impact of a change in nominal interest rates when rates are
negative. Suppose that, holding real consumption fixed and with C;, > C*, additional cash
Cjo is injected that increases G'(Cjo — C') and therefore pushes the nominal rate i, further
negative by equation A7. Because consumption does not change and D,y (which pins down
0v(Cjo, Djo)) is held fixed, we have from equations A4 and A6 that real interest rates are

unchanged. As a result, (1 —i—ij,o)% and (1+ij,do)% are unchanged and thus the real deposit
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convenience yield EO( )[zj 0 — 4;40) is also unchanged by policy.

A.2 Intermediary’s problem

Statement of Problem The intermediary maximizes its objective function

—lejol — Eoleji + Clejn)] + BEo ,E 0;%

subject to the budget constraints at times 0,1, and 2

ejo+ Djo = > _(Pir)gji
k

I I
ej1 = Z(ij,l)[qjkl ¢ |

k

Z 5qu]k:t . J0<1 + iq)

and the capital constraint

Pjo

Z(l —(A+ ) ]Ikléjk > (1+ ZJCIO)DJOP :
72

k

(A7)

(A8)
(A9)

(A10)

(A11)

Let G(ej1) = ej1 + C(ej1) be the total cost of raising intermediary equity at time 1. The

intermediary’s Lagrangian is, after plugging its budget constraints into its objective function,

maz o o Eo[Djo — Y ()] — GO (pw) @i — ¢])

qu
k k

% Pj2

23

ke — 5 go(l ia)] + 0l (1= A+ A)dpwjy — 0D o(1 4 )]

(A12)



The first-order conditions for portfolio choice are

bk = Bl 2] + i (8,)(1 = (3-+ X)) (A13)
pira(1+C'(ej1)) = ElﬂZiEZZ; [03.2] + nming (01)(1 — (A + Ay)) (A14)
pik = Eopjea (1 + C'(e;1)), (A15)

where min,(d;;) is the payoff of asset k in the state of the world where the intermediary’s

asset portfolio has the least value at time 2 given what is known at time 1.

To maintain solvency at time 1, the intermediary can lend risk-free to the household at
time 1. These risk-free loans are the only asset that can be added to the time 1 intermediary
portfolio in addition to those purchased at time 1. These loans have a capital have interest
rate 7,5, which must satisfy the intermediary’s portfolio choice first-order conditions as well

as the consumption Euler equation of the household who borrows. We have

u'(cjo) = (1 + i) BEV (cja)
u'(cjo)(1+C'(ej1)) = (1 + i) [BEV (cj2) +n(1 — N)]
u'(cjo)C"(ej1) = (14 in)n(1 — A)

5E1u’(cj2)0'(ej1) = 77(1 — /\)

Convenience Yields at times 0 and 1 We use the intermediary’s portfolio choice

first-order conditions to charecterize the convenience yield for nominal risk-free assets that
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it holds. For nominal risk-free assets, the portfolio choice first-order conditions become

1 u'(¢jo) R
, =k P22 (1 — (N + X Yming == A20
(1+C"(ej)) u'(cj2) .. Pjo
~ 2 _F + (1 — (XN + X))min, == A21
il = pyp 8 (1= (e A i 2 (A21)
1 1
— = F.(14+C' (e, A22
- T~ B+ Clen) (a22)

T+igmo 0 1+ije
The time 0 deposit issuance first order condition is

1 _ EOBU/(CJ‘Q)

. Py 1 . Pj
. + nmin =X = + nming == A24
1+1%5a0 u’(cjo) " ! K ! ( )

P, 141 P;

J

This allows us to first relate the convenience yield of deposits to the tightness of constraints

the intermediary faces

1 1 . Py
— = pming ——. A25
1400 1+i50 n 1Pj ( )
Equations A20 and A25 imply
1 1 . Py 1 1
, — — =l = A+ X))ming == = (1 — (A + X} _ — —1. (A26
T T = M O min B = (L D ] (426)

Rearranging this expression shows us how the convenience yield for ¢;o — ¢;; o asset k relates

to the convenience yield 7y — 7,40 for deposits

150 — ¥jk0 el Fieo T4+d,0,  14du0 . 1+ 2540
B0 TR0 (1 (\ 4+ A k0 2ROy 2RO (1 () )1 = — ko
1—|—Zj0 ( ( k>)>[1+1jd,0 1—|—Zj0 1+Zjd,0( ( k)))[ 1+Zj0
. . 1472, . . )
tjo — ko = T ;:Z (1= (A + X))o — tja]- (A27)
-] b
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This proves the validity of equations 18 and 19 in the main text.

Next, we determine how convenience yields behave at time 1 after the intermediary has

faced a shock.

The risk free rate without a convenience yield at time 1 is the price the intermediary

would pay for a risk-free asset that does not allow for any additional deposits to be issued.

It is priced as

1 '(¢;
1445, w'(cjo)(1+ C'(ejn))
We therefore have
1 1 (I—=O+X;) . Py
. — - =n 1M1 —=
T4+ 141451 1+ C'(ej1) by

~ BEW (cjo)C'(en) (1= (A+ X)) . Py
_ ming ——
11—\ 1+ C’(@jl) PjQ

This implies that to a first-order approximation

C'(ej1)
1 + C/(Gjl)

(Bt LoD, P

i1 — Lkl = 1 m P.

J

mny—=.

(A28)

(A29)

(A30)

(A31)

so convenience yields grow when the marginal cost C’(e;;) increases. This is consistent with

the fact that convenience yields grow during periods of financial distress.

While convenience yields are determined ex post by the severity of intermediary financial

constraints, their expected value ex ante is closely related to the leve of nominal interest

rates at time 0.

The relationship between convenience yields at time 0 and time 1 follows from equation
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A23 which implies

1 1 1 1
— — — = Eo(14 C'(e; — — . A32
1 + %5k,0 1 + (ZX0 0< ( ]1))[1 + LK1 1 + 151 ( )
and thus after a Taylor approximation
Z'j70 — ijk,O ~ Eo(l + C"(ejl))[iﬂ — Z.ij] (AS?))

which proves equation 21 in the main text.

A.3 International financial arbitrageur

An international financial arbitrageur (such as a hedge fund or dealer bank) is active
in derivatives markets around the world. Because of the large demand for global dollar
intermediation, it is funded with dollar denominated risk free debt. We assume that its
equity is owned by the consumer in country J, which may or may not be the US. It maximizes

shareholder value with the objective function

u'(cp)
/

—lero] — Elep1 + Cler)] + ﬁEu (o)

3] (A34)

just like each domestic intermediary. It is subject to a budget constraint akin to that of
domestic intermediaries at times 0,1, and 2, except that it can transact in the assets in
multiple countries j. Let e;;; be the real exchange rate between country j and the home

country J of the international arbitrageur at time t and eg;; be the real exchange rate with
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the dollar. The budget constraints can be written as

€ro + DFO€$J,O - Z Z 6jJ,0(pjk)q]-F];’0 (A35)
ik
er1 = Z Z 6jJ,1(ij,1)[ka’1 - C.If;;O] (A36)
ik

P; _
0y = Z Z eﬂﬂ(sjkqa]‘icl,t - 6$J72P_J,0DJ'0(1 +ipo0)- (A37)
ik J2

However, it is unable to issue deposits and instead raises money by transacting with
the domestic financial institutions in each country. Liabilities of the international financial
institution do not allow domestic financial institutions to back deposits, so it borrow and
lends at the “no convenience yield” rate in each currency. It is able to buy arbitrary Arrow-
Debreu securities but is financed only by borrowing risk free from the US institution. It faces
a constraint that its leverage cannot be greated than some leverage ratio 0 < L, < 1. That
is, if it has promised F3 in nominal dollar risk free payoffs to lenders at time 2, then we must
have eMQ%DjO(l +ipo) < L, Zj Yk ej¢]72§jkqﬁ;72t in all states of the world. Its Lagrangian

can be written as (where G(z) = 2 + C(x))

[Droesso — > > ejnopin)diy ] — EGO Y ejmlpm)lay — i) (A38)

u'(cr2) I1 P .
E a0 — essa =22 Dyo(1 A39
A ey 0 D enani — s Dl i)l (A
P; )
+nplLe > > ejaadindiis — €$J,2P—],0Dj0(1 +iro)]- (A40)
ik g2

The first order conditions for a dollar risk free asset k and for borrowing dollar debt are at
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time 0

u'(c Py Pjo
€370 = ﬁEu’Ech; €812 (1 +ipo) + EUF€$J2—PJ (1+ipp) (A41)
u'(c P Py
€370 = 5Eu’Ecj2; €812 (1 + dsk0) + Ly ET}F€$J2PJ (1 + isk0) (A42)
0 2

These first order conditions for dollar risk free assets and borrowing imply

1 1 ( )€$J2PJ0

=L, ; +(1- )5Eu/( )€$J0 Py

- A43
1+ g10 (1+ipo) (A43)

If we define igy to be the dollar risk free rate that solves the equityholder’s consumption

1 _ /B w(c2) esg2 Pio

Trise = T(r0) ey sz) without loosening the leverage constraint at all,

Euler equation (

then we have

1 1 1
1+ g0 (1+ipp) 1+1igp
1 1 1 1
— — — = (1-L,)[ — — —] (Ad5)
(14+1irpp) 1+dgko I4+ig0 (1+ipo)
I$k,0 — 1F0 g0 — IF
8k0 TR0 () _p B0 TR A46
1+ g0 ( ) 1+ig0 (A46)
. . 1+ . .
I$k0 — PO = ﬂ(l - Lr)(l&o - @F,o) (A47)
1 + Z$70

which proves equation 25 in the main text. The time 1 FOC for dollar borrowing and dollar

risk free assets are

u'(c Pjo Pjo
esso(1+ C'(ep)) = BE ,< JQ)G 52 (1 +ipy) +pessamr(L+ipg)  (Ad8)
u (CJO) P
u'(c Pjo P
esso(l+C'(ep1)) = BEL ,( J2)€$J2 (1 +dsk) + Linpessa (1 +dsp) (A49)
u (CJO) Pjy Py
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This implies

1 1 u'(cr2) €$.J,2 Pjo
=L, — +(1-L,)BE ’ =
1+ dgp1 1 +ip ( )8 Y/ (cg0) esgo(1+ C'(er)) Py

1 1 U/(CJQ) €$J2 P'o 1
— — : 1+C'(ep) =(1—-L,)[BE =)
¥ i 1+2F71)( (er1) = ( )[BE

]

u'(co) esgo Pjo  14ipy

Similarly if we define ig; to satisfy 1+1$,1 = BE, Z:Egﬁ; e$J,0(1eiJc’*2/(eF1)) % we have
‘ ‘ 1+ g1 . .
igp1 —tp1 = ——— (1 — L,)(ig1 — tp1).
Skl LRL= T st ( ) (is1 — k1)

which proves equation 26 in the main text.
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Web Appendix

B Option counterparty risk and margin requirements

The interest rates that we estimate are only risk-free to the extent that there is no
meaningful credit risk in the equity options that we consider. We believe that credit risk is
unlikely to impact our estimates for several reasons. First, the option quotes we consider are
from exchanges that net trades and require that traders post margin collateral. After this,
the option exchange maintains a default fund which is funded by clearing members to absorb
losses if margin collateral is insufficient. Finally, an option clearing corporation, which is
likely to be supported by a country’s central bank in periods of distress, provides the final

line of defense.

More formally, all of the quotes that we examine are from exchanges that are backed by
a clearing house that meets the international standards and Principles for Financial Market
Infrastructures (PFMIs). The PFMIs were introduced in 2012 by the Committee on Pay-
ments and Market Infrastructures (CPMI) of the Bank for International Settlements (BIS)
and by the Technical Committee of the International Organization of Securities Commissions
(IOSCO). In the US and Europe, the Dodd-Frank Act and the European Markets Infrastruc-
ture Regulation stipulate that the national regulatory agencies take into consideration the
international standards and PFMIs when regulating systematically important central coun-
terparties (CCPs). The goal of the PFMIs is to reduce taxpayer risk and provide protections
for cross-border clearing on CCPs even when the financial institutions doing the trading are

located in different countries.

The result of adopting the PFMIs is that there are several common layers of protection

for systematically important CCPs that mitigate against potential losses from the default of
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a clearing member.” To begin, there are rigorous standards to becoming a clearing member
in the first place, so that default occurrences should be rare. The key advantage of a CCP
is then its ability to net positions across traders to reduce counterparty risk compared to
the bilateral exposures that would occur in an otherwise similar over-the-counter market.
In addition, the exchange imposes margin requirements against positions that are adjusted
dynamically over time. In the event that a clearing member defaults and their margin
collateral is insufficient to cover their losses on the exchange, the clearing house may then
call upon the default fund. Default funds are pre-funded by all clearing members with
enough capital to withstand the failure of at least two clearing members that create the
greatest uncollateralized losses under stress scenarios. Contributions to the default funds
are updated on a regular basis, such as monthly, to account for changes in market risks. In
the unlikely event that the default fund is exhausted, the clearing house equity capital and

that of its parent company are often applied to cover any remaining losses.®

Table A1 lists the clearing houses and exchanges for the equity options that we consider in
this paper. All of the clearing houses are designated as “Systematically Important Financial
Market Utilities” (SIFMUs) by their relevant national regulatory agencies and central banks.
The SIFMU designation suggests that their may be implicit support from the regulatory
sector in the event that the the exchange default waterfall protections including position
netting, margin, the default fund, and the clearing house equity capital contributions are

insufficient to cover losses.’

THistorical examples of clearing member defaults include Drexel Burnham Lambert (1990), Woodhouse,
Drake & Carey (1991), Barings (1995), Griffin (1998), Refco (2005), Lehman Brothers (2008), and MF Global
(2011).

8The clearing houses considered in our paper have strong credit ratings. For example, the OCC is AA-
rated, the parent company of Eurex Clearing is Deutsche Borse AG which is AA-rated and has issued a
letter of comfort in favor of providing Eurex Clearing with financial funding to comply with its obligations,
and the parent company of ICE Clear Europe is Intercontinental Exchange Inc. (ICE) which is A-rated.

9For example, during the 1987 stock market crash, the Federal Reserve intervened to ensure that all
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Table Al. Counterparty risk in options markets Exchanges and clearing houses for trading interna-
tional index options.

Option Exchanges and Clearing Houses

Clearing House Exchange Currencies | Index SIFMU Portfolio Margin

Options Clearing CBOE USD S&P 500 United States | Methodology

Corporation Treasury

Furex Clearing Furex EUR FuroStoxx 50 | Bundesbank Methodology

CHF SMI

ICE Clear Europe ICE GBP FTSE Bank of Methodology
England

Nasdaq Clearing Nasdagq OMX SEK OMXS30 Riksbank Methodology

Nordic Exchange DKK OMXC25

Euronext Clearing Euronext NOK OBX 25 Norges Bank Methodology

Canadian Derivatives | Montreal Exchange | CAD TSX 60 Bank of Methodology

Clearing Corporation Canada

ASX Clear ASX AUD ASX 200 Royal Bank Methodology
of Australia

Japan Securities Osaka Exchange JPY Nikkei 225 Bank of Methodology

Clearing Corporation Japan

Each of the clearing houses also offers portfolio margin which reduces the margin re-
quirements for the box trade. For example, consider implementing the box trade by selling
a call and buying a put at a high strike while simultaneously buying a call and selling a put
at a low strike. Portfolio margin acknowledges that lending or borrowing at the box rate
is transacting in a risk-free cashflow. Without portfolio margin, the trader would have to
post margin separately for each leg of the trade, which would make lending or borrowing at
the box rate prohibitively expensive. Table A1 provides hyperlinks to the portfolio margin
methodology for each exchange and to statements suggesting that options clearing houses

are systemtically imporant and likely to receive central bank support in a severe crisis.

derivative contracts were paid off (Bernanke, 1990). Examples of the agencies and central banks that regulate
the clearing houses that we consider include the SEC, CFTC, Federal Financial Supervisory Authority
(Germany), Swiss National Bank, Swiss Financial Market Supervisory Authority, Bank of England, Bank
of Japan, Swedish Financial Supervisory Authority, Norwegian Ministry of Finance, Bank of Canada, and
Royal Bank of Australia.
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C Data Appendix

This section describes how we estimated our option-implied rates and lists the sources of
our other data. We began with a large database from ICE providing intraday time-stamped
option price quotes from the main exchange in each country. Our Swiss Market Index and
STOXX options data come from Eurex. Our FTSE 100 option data comes from the ICE
exchange. Our NIKKEI data comes from the Osaka Exchange. Our Australian ASX 200 data
comes from Australian Securities Exchange. Our Norwegian OBX 25 data comes from the
Oslo Stock Exchange. Our Danish OMX Copenhagen 25 and Swedish OMX Stockholm 30
data come from Nasdaq Nordic. On top of this main dataset from ICE, we use the Thompson
Reuters Tick database as a backup source of intraday timestamped data. Finally, we use

daily OptionMetrics data when neither are available.

For our ICE data, we begin by computing the minute-level median value of each options
bid and ask over observations with a positive quote size. We then compute a midpoint of
bid and ask. We run our put-call parity regressions in equation 2 minute by minute on our
quote midpoints. We perform the same procedure in our Thompson Reuters data over five
minute intervals. In both cases, we exclude any regression whose R-squared is below .99999.
The median of the remaining regression coefficients is used to compute our daily box rate
estimate. For OptionMetrics, we run our put-call parity regression on closing prices to get a

daily rate, ignoring days with an R-squared below .99999.

In addition to our box rates, we use IBOR and OIS rates and spot and forward exchange
rates from Bloomberg following Du et al. (2018b). Government bond and bill yields come
directly from central bank websites. We also use savings deposits rate data (which are
average consumer deposit rates, not e.g. rates paid on excess reserves) found across central
bank websites. Our corporate bond data comes from the replication data from Liao (2020).

Credit default swap spreads come from Markit. Debt to GDP ratio data comes from the
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OECD. Central bank policy rates and stock market volatility data are from Haver Analytics.

Our data source spreadsheet provides additional specific details.

Supplementary tables and figures

Table A2. Monthly Exchange Rate Forecast Regressions, following Engel and Wu (2022),sep-
arately by country. Monthly regression from Jan 2004 to July 2020.

Variable Coefficient  Standard Error | Coefficient  Standard Error
ABoxCIP;; -7.38 1.92 - 8.83 1.87
BoxCIP; ;1 -.724 .849 - 2.20 .825
ACYdif fj. -3.57 2.00 -3.37 1.95
CYdiffji1 715 1.26 1.64 1.23

R-squared: 0.0743 0.1210
Predicted varible Asjit1 Asjiy

Country Euro Euro

Variable Coefficient  Standard Error | Coefficient  Standard Error
ABoxCIP;j; -3.93 1.37 - 1.65 1.37
BoxCIP; ;1 -.366 .627 - .892 .626
ACYdif fjq -3.70 1.52 -3.86 1.52
CYdiffjt— -.223 969 1.67 970

R-squared: 0.0455 0.0402
Predicted varible Asjii1 Asjiy

Country Switzerland Switzerland

Variable Coefficient  Standard Error | Coefficient  Standard Error
ABoxCIP;j; - 6.22 2.45 - 6.70 2.38
BoxCIP;;_1 -2.93 1.07 - 4.08 1.04
ACYdiff; -4.82 2.44 6.12 2.37
CYdiffi1 -3.20 1.36 -4.15 1.32
R-squared: 0.0669 0.1119

Predicted varible Asjii1 Asjy

Country UK UK
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Figure Al. Time-series of monthly average l§(6)x rates for USD, EUR, CHF, and GBP Plots
the time-series of monthly average box rates against the monthly average government bond, Libor, and OIS
rate. For each currency-month we require at least five days with an estimated box rate to be included in the
sample.
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