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Abstract 

This study aims to incorporate the effects of recently used alternative monetary policies, such 

as quantitative easing into standard Taylor rule exchange rate models. Using out-of-sample 

forecasting, we determine whether including long-term government bond yields and shadow 

interest rates improves on these model’s performance. Using data from the Eurozone, Japan, 

UK and USA, we perform out of sample forecasts using a rolling window, the results suggest 

that the model with government bond returns performs best against the random walk, although 

the results vary across countries, particularly when we compare the forecasts with those 

produced by a version of UIP. 
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1. Introduction. 

 The main industrialised economies have recently witnessed fundamental changes to the ways 

in which monetary policy is conducted, as interest rates have fallen towards their zero-lower 

bound (ZLB). This has facilitated moves towards the use of alternative monetary policies, such 

as Quantitative Easing (QE). As a consequence it has become increasingly important to 

understand how this affects the wider macroeconomy (Wu and Xia, 2016) including the 

implications for interest rates and the exchange rate. The aim of this study is to specify a version 

of the Taylor rule model of the exchange rate which incorporates the effects of these alternative 

monetary policies and subsequently measure the performance of these models using out-of-

sample forecasts. Molodtsova and Papell (2009), Wang and Wu (2012) and Wang et al. (2016) 

have shown that this approach to exchange rate determination outperforms standard 

benchmarks in out-of-sample forecasting. However, this has only applied up until the 2007/08 

financial crisis, following this interest rates approached the ZLB for nominal interest rates and 

these standard Taylor rule-based exchange rate models have become less effective at 

forecasting (Molodtsova and Papell, 2012). 

 The failure of the conventional Taylor rule exchange rate models, has motivated the use of 

alternative formats to account for the changes to the wider economy resulting from the crisis. 

Inoue and Rossi (2019) have analysed the effects of both conventional and unconventional 

monetary policies on the exchange rate, through defining the monetary policy shocks as 

changes to the entire yield curve. They find that the exchange rate reacts in similar ways to 

monetary easing using both types of monetary policy, although there are differences over time 

to different policy shocks. Furthermore Rossi (2019) has shown there are a variety of methods 

for identifying and estimating the effects of unconventional monetary policies, which tend to 

give similar results. 
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 The standard Taylor rule model has been adjusted to account for changes to monetary policies 

over recent years, for instance Molodtsova and Papell (2012) introduced a variety of 

innovations into the model, including various measures of financial conditions, for instance the 

TED spread1 in order to account for the financial crisis of 2007/08. This approach was shown 

to improve the out-of-sample forecasts during and immediately after the financial crisis.  The 

recent literature on exchange rate forecasting has used the Uncovered Interest Parity (UIP) 

approach often alongside the Taylor rule models. Cheung et al. (2018) use different models 

including UIP, Purchasing Power parity (PPP) and the monetary model, finding mixed results 

using both the mean square error (MSE) and change of direction tests. Overall the models using 

relative PPP forecast the best.  

 Subsequent to the financial crisis, QE has been used extensively in the USA, UK, Japan and 

the Eurozone among others, whilst in Japan it was also used in the late 1990s and early 2000s 

with limited success (Ueda, 2012). We aim to determine if accounting for QE and alternative 

monetary policies in the standard Taylor rule model will improve the forecasts out-of-sample 

using recent data. QE has largely involved the purchase of government bonds by the central 

bank2, one implication of this is that the increased demand influences the price and returns on 

these bonds. In theory it should lead to an increase in bond prices and consequent falls in return, 

as well as related effects on liquidity and lending in the financial sector. To account for this 

effect, we have incorporated the return on government bonds into the standard Taylor rule 

model. We have also included a model that uses the shadow rate of interest developed by Wu 

 
1 The Ted spread is a measure of credit risk and is the difference between the interest rates on 3 month treasury 

bills and LIBOR interbank loans, whereas in this study we concentrate on the effects of QE by including the 10 

year government bond rate. 

2 In recent approaches to QE, other assets have also been used, including corporate bonds. 
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and Xia (2016) and compare our forecasts with the standard benchmark, the random walk and 

also UIP.  

 QE has been shown to affect the economy through various channels, as demonstrated by 

Gagnon et al. (2011). They found that as a result of the asset purchases by the central bank, 

there was a reduction in the long-term interest rates on assets including government bonds, as 

well as assets not included in the asset purchasing programme. One of the main mechanisms 

through which the asset purchases have worked is through the risk premium of the purchased 

asset, for government securities this would have been through the term premium. Along with 

the interaction of the other security markets, this should also produce an effect on the foreign 

exchange market as overseas investors rebalance their international portfolios to account for 

the change in return on these assets. Ueda (2012) has also suggested that QE could have a more 

direct effect on the foreign exchange markets, such that the authorities interventions in the 

foreign exchange markets could have a stronger effect on exchange rates due to the 

interventions in domestic markets during QE. 

 Although the use of government bond yields and other related fiscal effects in exchange rate 

models has tended to be limited, recently Litsios and Pilbeam (2019) have developed a long-

run model of the nominal exchange rate which incorporates the levels of government debt 

relative to GDP. Based on the monetary approach to the exchange rate, they show that the 

government debt to GDP ratio has a significant and negative effect on the domestic currency. 

They argue that as domestic debt rises, so international investors perceive the domestic 

economy is more risky, so moving funds away from it to safer investments, causing the 

domestic currency to depreciate. 

 The main contribution of this study to the literature is that it incorporates the effects of 

alternative monetary policies such as QE into the standard Taylor rule model of the exchange 
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rate through the inclusion of returns to government bonds. Secondly, we compare this approach 

to alternative ways of accounting for the alternative monetary policies, for instance including 

the shadow interest rate into the Taylor rule specification. Thirdly we have also compared the 

forecasts from these approaches to other models that have performed well recently, such as 

UIP. The out-of-sample forecasts start during the financial crisis in order to reflect the 

extraordinary monetary conditions imposed on the economies included in the sample3. The 

empirical evidence in favour of our models are further tested by using the Inoue and Rossi 

(2012) test, to ensure it remains significant after accounting for variations in the forecast 

window size.  

Following the introduction, the exchange rate model is described and the role of QE and other 

alternative monetary policies discussed. The data and results are then analysed and finally we 

suggest some conclusions and policy implications. 

 

2. Methodology 

The model used to generate the forecasts is based on the Taylor rule model of exchange rate 

determination, where short-term interest rates are determined by the macro fundamentals, 

considered by policy makers as important for monetary policy. The Taylor rule is concerned 

with the setting of interest rates in response to changes in the inflation rate and output gap. 

Other factors have also been incorporated into the standard model over the years, such as the 

real exchange rate and wealth effects. In this study we assume that the long-term interest rate 

 
3 The specific monetary policies used during and after the crisis differ across the countries chosen for this study, 

with Japan being the first to use them in the late 1990s and the EU following the Eurozone crisis in 2011. 
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can additionally be considered as an instrument of monetary policy, as suggested by Mcgough 

et al. (2005).  

2.1 Exchange rate forecasting models: 

2.1.1Taylor rule-based models 

Several recent studies, including Molodtsova and Papell (2009, 2012) among others, have 

emphasized the effectiveness of Taylor rule based exchange rate models for forecasting the 

exchange rate up until the sharp reduction in interest rates following the 2007/08 financial 

crisis4. This study examines the linkages between the exchange rate and a set of variables that 

central banks set according to the Taylor rule, including information relating to the recent use 

of alternative monetary policies such as QE. The Taylor rule (Taylor 1993) is concerned with 

the setting of the interest rate in response to movements in the inflation rate and output gap.  

 𝑖𝑖𝑡𝑡∗ = 𝜋𝜋𝑡𝑡 + 𝛿𝛿(𝜋𝜋𝑡𝑡 − 𝜋𝜋𝑡𝑡∗) + 𝛾𝛾𝑦𝑦𝑡𝑡 + 𝑟𝑟∗ + 𝜀𝜀𝑡𝑡                         (1) 

where 𝑖𝑖𝑡𝑡∗ is the target for the short-term nominal interest rate, 𝜋𝜋𝑡𝑡 is the inflation rate, 𝜋𝜋𝑡𝑡∗ is the 

target level of inflation, 𝑦𝑦𝑡𝑡 is the output gap, or percentage deviation of the actual real GDP 

level from an estimate of its potential level, and 𝑟𝑟∗ is the equilibrium level of the real interest 

rate.  

Combining the parameters 𝜋𝜋𝑡𝑡∗ and 𝑟𝑟∗ from equation (1) into one constant term: 𝜇𝜇 = 𝑟𝑟∗ − 𝛿𝛿𝜋𝜋∗, 

we can derive the following standard version of the Taylor rule model:  

 𝑖𝑖𝑡𝑡∗ = 𝜇𝜇 + 𝜆𝜆𝜋𝜋𝑡𝑡 +  𝛾𝛾𝑦𝑦𝑡𝑡 + 𝜀𝜀𝑡𝑡                       (2) 

 
4 However the forecasts are carried out over a time period when all the countries included had very low interest 

rates or were in the process of cutting them. 
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Since the financial crisis of 2008/09 and the subsequent recession, there has been a move 

towards the use of alternative monetary policies following the fall in interest rates to the ZLB. 

One of the principal policies has been the QE program, which has played a substantial role in 

shaping the world economy since the crisis. In order to quantify the economic effects of QE 

and other alternative policies, we propose the following three variations of the Taylor rule 

based exchange rate model, which will be used for the out-of-sample forecasting.  

(i) The use of the long-term policy rate 

Mcgough et al. (2005) have suggested that the central bank is committed to achieving a set 

relationship between long-term interest rates and other endogenous variables in a modified 

version of the forward-looking Taylor rule during periods of the ZLB constraint. Therefore, in 

the first variation, we assume that monetary policy is implemented through a Taylor rule that 

takes the form: 

 𝑙𝑙𝑖𝑖𝑡𝑡 = 𝜇𝜇 + 𝜆𝜆(𝜋𝜋𝑡𝑡 + 𝜑𝜑𝜑𝜑𝜋𝜋𝑡𝑡+1) + 𝛾𝛾𝑦𝑦𝑡𝑡 + 𝜀𝜀𝑡𝑡             (3) 

 

where 𝑙𝑙𝑖𝑖𝑡𝑡 is the return on long-term (i.e. 10 year government) bonds, 𝜋𝜋𝑡𝑡 is the inflation rate, 

𝜑𝜑𝜋𝜋𝑡𝑡+1 is the expected inflation rate, 𝑦𝑦𝑡𝑡 is the output gap, or percent deviation of actual real 

GDP from an estimate of its potential level.  

(ii) The use of shadow interest rates 



8 
 

The second variation is to use what are called “shadow policy rates”5 to calibrate monetary 

policy at the ZLB in the spirit of Wu and Xia (2016)6 as an alternative to the policy rate.  

 𝑖𝑖𝑡𝑡𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜇𝜇 + 𝜆𝜆𝜋𝜋𝑡𝑡 +  𝛾𝛾𝑦𝑦𝑡𝑡 + 𝜀𝜀𝑡𝑡                      (4) 

          where 𝑖𝑖𝑡𝑡𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the shadow interest rate.  

(iii) Incorporate long-term government bond yield  

Historically, long-term interest rates have played a crucial role in both monetary policy target 

setting and operating 7, especially during periods of QE (Reis 2018). Motivated by these 

historical episodes, we assume that the long-term interest rate can be considered as an 

instrument of monetary policy. This produces our third variation:  

 𝑖𝑖𝑡𝑡∗ = 𝜇𝜇 + 𝜆𝜆𝜋𝜋𝑡𝑡 +  𝛾𝛾𝑦𝑦𝑡𝑡 + 𝛽𝛽𝑙𝑙𝑖𝑖𝑡𝑡 + 𝜀𝜀𝑡𝑡                      (5) 

where 𝑖𝑖𝑡𝑡∗ is the target for the short-term nominal interest rate, which is measured using the 

shadow rate following the moves to ZLB.  

 
5 Where shadow policy rates were not available and it was not within the period of the ZLB (i.e. US data after 

2015; Japan data before 1995), we update the policy rate with the subsequent effective federal funds rate or call 

rate. This allow us to have a long out-of-sample forecasting time period to conduct inference upon. 

 

6 Wu and Xia (2016) introduce a shadow rate measure based on a nonlinear term structure model to account for 

effects near the ZLB for interest rates. They find that such a measure reflects the underlying information of 

unconventional monetary policy at the ZLB. 

7  There have been many occasions when long-term interest rates have been used specifically as an instrument of 

monetary policy. For instance in response to fears of deflation in 1997, the Bank of Japan gradually went long, 

announcing a target not just for the overnight central bank rate, but also for an intended yield on the 10-year 

government bond rate and, in the future, potentially other maturities as well. 
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2.2. Exchange rate and interest rate interactions 

 There are a variety of channels through which the interest rates affect exchange rates, with the 

potential for the exchange rate to also have an affect on the interest rates, as noted by Taylor 

(2001). Traditionally the relationship between interest rates and exchange rates has been based 

on uncovered interest parity (UIP), where the expected depreciation of the exchange rate or 

capital loss is determined by the difference in the foreign and domestic interest rate. Some 

studies have argued that this relationship is more likely to hold between long term interest rates 

rather than short term rates. For instance Chinn and Meredith (2004) find that UIP holds better 

with long-term rates than short, suggesting that long-term rates better reflect the fundamentals 

of the economy whilst short term rates suffer from interactions between the shocks to the 

foreign exchange markets and endogenous reactions in monetary policies. A further 

explanation could be that the long-term rates better reflect the risk premium in the foreign 

exchange markets, following the findings in many studies that risk is an important driver of 

exchange rates (Kumar, 2019). 

 QE mostly involves the purchase of long-term government bonds by the central bank, which 

facilitates a fall in their return. In addition as Inoue and Rossi (2018) have shown, these 

purchases tend to decrease the entire yield curve, particularly at the longer maturities, although 

also at shorter maturities too. This in turn leads to the expected depreciation of the domestic 

exchange rate. Given the findings of UIP working better with longer maturities, it would be 

expected that with the movements in these asset returns, UIP would be a more pronounced 

channel through which interest rates could affect the exchange rate, especially the long-term 

rate following QE. 

 This relationship between interest rates and exchange rates is also affected by the interest rate 

moving into negative territories, as has occurred with the shadow rates during recent times. 
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Khayat (2018) using a Taylor rule-based exchange rate model, found that the exchange rate 

experienced a stronger depreciation during negative rates than in normal times, suggesting this 

was mainly due to outflows from the banking sector. However the relationship between the 

interest rates and the exchange rate is complicated by any intervention that the central bank 

conducts in the foreign exchange market. As Ueda (2012) points out the effectiveness of the 

intervention at the zero lower bound will depend on whether the central bank sterilizes the 

funds arising from the intervention and the type of unconventional monetary policy used. 

To account for interest rate smoothing, based on the partial adjustment approach a lagged 

interest rate is also added to the Taylor rule specification to account for the central banks 

responding gradually to changes in the inflation and output gaps. The observable interest rates 

based on the above variations are: 

 𝑙𝑙𝑖𝑖𝑡𝑡 = (1 − 𝜌𝜌)[𝜇𝜇 + 𝜆𝜆(𝜋𝜋𝑡𝑡 + 𝜑𝜑𝜑𝜑𝜋𝜋𝑡𝑡+1) + 𝛾𝛾𝑦𝑦𝑡𝑡] + 𝜌𝜌𝑙𝑙𝑖𝑖𝑡𝑡−1 + 𝑣𝑣𝑡𝑡                      (6) 

 𝑖𝑖𝑡𝑡𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = (1 − 𝜌𝜌)[𝜇𝜇 + 𝜆𝜆𝜋𝜋𝑡𝑡 +  𝛾𝛾𝑦𝑦𝑡𝑡] + 𝜌𝜌𝑖𝑖𝑡𝑡−1𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑣𝑣𝑡𝑡                      (7) 

 𝑖𝑖𝑡𝑡𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = (1 − 𝜌𝜌)[𝜇𝜇 + 𝜆𝜆𝜋𝜋𝑡𝑡 +  𝛾𝛾𝑦𝑦𝑡𝑡 + 𝛽𝛽𝑙𝑙𝑖𝑖𝑡𝑡] + 𝜌𝜌𝑖𝑖𝑡𝑡−1𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

+ 𝑣𝑣𝑡𝑡 

                     (8) 

where ρ denotes the degree of interest rate smoothing and 𝑣𝑣𝑡𝑡 is the error term also known as 

the interest rate smoothing shock. This follows a similar approach to Molodtsova and Papell 

(2009). 

 Let ~ denote the foreign country variables and assume that the foreign country’s monetary 

policy follows a similar Taylor rule, with the same coefficients. Combining the difference 

between the Taylor rules for the domestic and foreign (US) countries and in conjunction with 

the uncovered interest parity condition (UIP: 𝜑𝜑(∆𝑠𝑠𝑡𝑡+1) = 𝛽𝛽(𝑖𝑖𝑡𝑡 − 𝚤𝚤�̃�𝑡)), where 𝑠𝑠𝑡𝑡 is the nominal 

exchange rate between the two countries defined as the US dollar per unit of foreign currency, 



11 
 

meaning a rise in 𝑠𝑠𝑡𝑡 implies a depreciation of the American dollar, gives the following three 

Taylor type exchange rate specifications: 

Model 1: Nominal rate = Long-term bond rate (i.e. 10 year government bond yield) 

 ∆𝑠𝑠𝑡𝑡+1 = 𝜙𝜙0 + 𝜙𝜙𝜋𝜋(𝜋𝜋𝑡𝑡 − 𝜋𝜋�𝑡𝑡) + 𝜙𝜙𝐸𝐸𝜋𝜋(𝜑𝜑𝜋𝜋𝑡𝑡+1 − 𝜑𝜑𝜋𝜋�𝑡𝑡+1) + 𝜙𝜙𝑦𝑦(𝑦𝑦𝑡𝑡 − 𝑦𝑦�𝑡𝑡)

+ 𝜙𝜙𝑙𝑙𝑙𝑙�𝑙𝑙𝑖𝑖𝑡𝑡−1 − 𝑙𝑙𝚤𝚤�𝑡𝑡−1� + 𝜀𝜀𝑡𝑡 

 (9) 

Model 2: Nominal rate =shadow rate  

 ∆𝑠𝑠𝑡𝑡+1 = 𝜙𝜙𝟎𝟎 + 𝜙𝜙𝜋𝜋(𝜋𝜋𝑡𝑡 − 𝜋𝜋�𝑡𝑡) + 𝜙𝜙𝑦𝑦(𝑦𝑦𝑡𝑡 − 𝑦𝑦�𝑡𝑡) + 𝜙𝜙𝑙𝑙�𝑖𝑖𝑡𝑡−1𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝚤𝚤̃𝑡𝑡−1𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� + 𝜀𝜀𝑡𝑡 (10) 

Model 3: Nominal rate =shadow rate + 10 year government bond yield to account for QE. 

 ∆𝑠𝑠𝑡𝑡+1 = 𝜙𝜙0 + 𝜙𝜙𝜋𝜋(𝜋𝜋𝑡𝑡 − 𝜋𝜋�𝑡𝑡) + 𝜙𝜙𝑦𝑦(𝑦𝑦𝑡𝑡 − 𝑦𝑦�𝑡𝑡) + 𝜙𝜙𝑙𝑙𝑙𝑙�𝑙𝑙𝑖𝑖𝑡𝑡 − 𝑙𝑙𝚤𝚤�𝑡𝑡�

+ 𝜙𝜙𝑙𝑙�𝑖𝑖𝑡𝑡−1𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝚤𝚤̃𝑡𝑡−1𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� + 𝜀𝜀𝑡𝑡 

(11) 

where ∆𝑠𝑠𝑡𝑡+1 ≡ 𝑠𝑠𝑡𝑡+1 − 𝑠𝑠𝑡𝑡; 

2.3. Interest rate differential models 

We have also used UIP based models to generate the out-of-sample forecasts, as a comparison 

to the forecasts from the Taylor rule based model. The interest rate differential has been one of 

the most widely used exchange rate forecasting models over the recent past. The empirical 

evidence provided by Chinn and Quayyum (2012)8 supports the view that UIP holds better 

 
8 Chinn and Quayyum (2012) review the evidence for both short and long horizon uncovered interest parity (UIP) 

and rational expectations over the period up to 2011, finding that the joint hypothesis of UIP and rational 

expectations (known as the unbiasedness hypothesis) holds better at long horizons than at short. (i.e. estimates of 

long horizon unbiasedness regressions of five and ten years are usually positive and closer to the theoretical value 

of 1 than their short horizon counterparts).  
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over long horizons, especially using 5 and 10 year maturity bonds, with coefficients on the 

interest rate usually positive and closer to the theoretical value of 1 than when using short term 

rates.  

We use the model proposed by Clark and West (2006), but we replace the interest rate by the 

10-year government bond rate in one of the models. In the other, we use the shadow rates for 

periods in which policy rates are effectively bound at zero:  

 

 ∆𝑠𝑠𝑡𝑡+1 = 𝜙𝜙𝟎𝟎 + 𝜙𝜙𝑙𝑙�𝑖𝑖𝑡𝑡𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝚤𝚤̃𝑡𝑡𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� + 𝜀𝜀𝑡𝑡 (12) 

 ∆𝑠𝑠𝑡𝑡+1 = 𝜙𝜙𝟎𝟎 + 𝜙𝜙𝑙𝑙�𝑙𝑙𝑖𝑖𝑡𝑡 − 𝑙𝑙𝚤𝚤�𝑡𝑡� + 𝜀𝜀𝑡𝑡 (13) 

   

2.4 Alternative Monetary Policies in the Eurozone. Japan, the UK and USA. 

The countries used in the sample have all used various forms of alternative monetary policies, 

but mainly they have involved some form of QE, as illustrated in Figure A1 in the appendices, 

which shows the cumulative holdings of various assets on the central bank’s balance sheets. It 

is clear that QE became particularly popular following the financial crisis in 2007/08, except 

for the Eurozone where QE started after the Eurozone sovereign debt crisis in 2012/13. The 

first country to conduct these policies was Japan, beginning in the 1990s as a result of 

experiencing an era of deflation. In April 1999 the Bank of Japan introduced its Zero interest 

rate policy, Ueda (2012) argues that this can be perceived as a form of forward guidance, as 

the Bank of Japan stated that this policy would continue until fears over deflation in Japan were 

removed. Although this policy ended towards the end of 2000 with a rise in interest rates, 

following the collapse of the technology bubble in 2001. For Japan this policy comprised 

ensuring there was ample liquidity and committing to maintaining this until deflation came to 



13 
 

an end and finally purchasing Japanese government bonds. In 2002 the Bank of Japan also 

began purchasing equities from the Japanese banks in addition to continuing to purchase 

Japanese government bonds. In 2003 the Bank of Japan also included Asset Backed Securities 

among the classes it was willing to purchase. This ended in 2006, however in 2008 following 

the financial crisis, the process of QE was restarted, but with the addition of a dollar swap 

scheme between the Bank of Japan and Fed, in order to remedy the shortage of dollars. In 2013 

the Bank of Japan introduced a very substantial asset buying programme, which was termed 

Quantitative and Qualitative Easing (QQE), however in 2016 this was not felt to be sufficient 

and the bank introduced negative interest rates. In Figure 2a. The fall in the shadow interest 

rate begins in the early 2000s following the start of the Japanese QE programme. It then 

recovers until the 2008 financial crisis and following this has continued to fall along with the 

nominal interest rate. 

 The UK experience with alternative monetary policies is similar to the US, mainly involving 

forward guidance and QE, although in the UK, the Bank of England has mostly purchased UK 

government bonds, with a smaller purchase of corporate bonds in 2020/21. The UK hasn’t 

attempted any Quantitative tightening, but has announced it plans to do so at some point in the 

future. The process of QE began in 2009, followed by a further expansion in 2012. Unlike the 

other countries, there was a further expansion of QE in 2016 following the vote for the UK to 

leave the EU. In March 2020 following the start of the pandemic there was a further expansion 

of QE, which ended in 2021. The shadow rate falls after the start of QE in 2008 as is evident 

in Figure 2b, with the nominal interest rate remaining at about zero. In 2018 both the nominal 

and shadow rates begin to recover. 

 The Eurozone began its policy of purchasing securities later than the other countries. It wasn’t 

until after the Eurozone sovereign debt crisis in 2012/13 that the European central bank started 

its Asset Purchase Programme (APP). This started in October of 2014 and continued until July 
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2022, with a brief interlude in 2019. In addition to the QE the ECB also cut its interest rates to 

below zero in June 2014, with this policy continuing until recently when in July 2022 it raised 

its interest rate following the rise in inflation above its target levels. In Figure 2d, the nominal 

and shadow interest rates fall sharply after APP is introduced in 2014, with the shadow rate 

continuing to fall until 2018. 

 Alternative monetary policies in the US have included similar approaches to QE as used in 

Japan. These policies didn’t begin in the US until after the 2008 financial crisis, when the Fed 

reduced interest rates to almost zero and began purchasing securities as part of the policy of 

QE. In 2009 it then expanded its purchasing of securities, not only US government bonds but 

also the debt of the main mortgage providers, such as Fannie Mae and Freddie Mac, as well as 

over a trillion dollars of mortgage-backed securities. In 2010 with few signs of recovery the 

Fed announced further purchases of US government bonds. This was repeated in 2012 with the 

addition of further purchases of mortgage-backed securities. In 2018 the Fed decided to 

introduce Quantitative Tightening (QT), but following market volatility opted to end the policy 

in 2019. Finally after the pandemic in 2020, a further policy of QE was introduced by the Fed. 

In addition to QE, the Fed has also employed Forward Guidance throughout this time period 

as a means of controlling expectations on inflation and interest rates. In Figure 2c, the US 

nominal interest rate falls to zero in 2008 and remains there until 2018, whilst the shadow rate 

falls to below zero before recovering in 2017. 

. 

3. Data and Results 

3.1. Data 
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This study consists of real-time quarterly data for the United States, UK and Japan over the 

1990q1 to 2019q1 period9. As the euro only came into existence in 1999, we have used data 

from 1999Q1 to 2019Q1 for the US/EU exchange rate. All variables except interest rates are 

in logarithms. The inflation rate is the annual inflation rate calculated using the CPI over the 

previous 4 quarters and real GDP is used to measure the level of output. As in other studies, 

the output gap is constructed as the percentage change of actual output from a quadratic trend, 

using an expanding window as in Molodtsova et al. (2009). Therefore for the first vintage 

1989:Q4, the trend is calculated using data from 1985:Q1 to 1989:Q3. For each subsequent 

vintage, we update the trend by one quarter.  Money market rates (or “call rate”, Central Bank 

of Japan) are used as a measure of the short-term interest rates that the central bank sets every 

time period. The interest rate on 10-year maturity bonds have been used as the long-term 

interest rates. The nominal exchange rate is defined as the U.S. dollar price of foreign currency 

and is taken as the end-of-month exchange rate as in Ince (2014).  

 The models are tested using data from the four main economies that have used substantial 

amounts of QE and other non-traditional monetary policies since the financial crisis, as their 

interest rates approached the ZLB. In addition to QE, other policies have included forward 

guidance on future interest rate policies and targeted asset purchases to alter the makeup of the 

central bank’s balance sheet in terms of alternative asset composition. In addition QE can be 

further divided into the pure expanding of the central bank’s balance sheet, purchasing assets 

in failing asset markets and QE with the aim of portfolio rebalancing.  

Salachas et al. (2018) have used the same countries and shown that overall the non-traditional 

monetary policies have stimulated their economies and restored some stability to the financial 

 
9 The forecasts are conducted over two separate time periods, 2000Q1 onwards and 2007Q4 onwards, although 

we only report the latter forecasts due to constraints on space, the other results are available on request. 
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markets. Japan was the first of this sample to conduct alternative policies following the 

deflationary pressure of the 1990s. According to Ueda (2012), the time period when the non-

traditional monetary policies were conducted in Japan was mainly between 1998 and 2006, 

then after inflation reached 2% it was ended temporarily, before restarting after the financial 

crisis.  

 For the US, QE was initiated in November 2008, following the collapse of Lehman Brothers. 

This continued until October 2014 and included a variety of non-standard monetary policies, 

such as operation twist, where the mix of debt maturities was changed, with short term 

government debt being sold and exchanged for longer-term debt. For the UK, QE started in 

March 2009, continuing in three phases until November 2012. It was temporarily restarted in 

July 2016 following the vote in the UK to exit the EU.  The Eurozone didn’t initially use QE 

or a variation of it following the financial crisis, but did use versions of QE such as the 

securities market programme in March 2010 and Outright market transactions in September 

2012, which involved the ECB purchasing government debt from the member states, 

subsequently also using QE. 

Studies by Molodtsova et al. (2009), among others, have highlighted the importance of real-

time data for use in Taylor rule-based exchange rate forecasting. Real-time data are based on 

vintages of data that are available to researchers at each point in time (i.e., before data revisions 

are applied). The real time output data was collected from the OECD Real-Time Data and 

Revisions Dataset and Real Time Dataset for the OECD – Dallas Fed. The real-time forecasted 

inflation data are constructed from the CPI inflation data from the historical World Economic 

Outlook forecast database. The forecast is updated every six months, therefore, we use the first 

six months of data for the forecast for Q1 and Q2, the second six months of data for Q3 and 

Q4. The remaining data are drawn from the IMF’s International Financial Statistics and the 
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FRED Economic research data base. The data that supports the findings of this study are openly 

available in Mendeley at doi: 10.17632/6c2nbw23s8.1. 

 The shadow rates for the Eurozone, Japan, UK and the USA, as developed by Wu and Xia 

(2016) have been obtained from the Reserve Bank of New Zealand and Wu and Xia. The data 

refer to the rates at the end-of-month for each quarter. Unlike the policy rate, the shadow rate 

devised by Wu and Xia (2016) quantifies the economic effects of the QE programme and other 

alternative monetary policies used by the US. It has been shown to be a good substitute for the 

Fed funds rate in studies of monetary policy.  

Figures 1-2 plot the dollar-based log of the exchange rate, an increase implies dollar 

appreciation. Figure 3 compares the short-term policy rates with the shadow and long-term 

government bond rates. By comparing both pre- and post-financial crisis periods, we can 

observe that the implementation of QE has reduced long-term rates, as is evident in Figure A1 

in the appendices, which illustrates how QE has expanded the central bank’s balance sheets, 

particularly after the financial crisis. This impact is more significant for Japan, where the long-

term government bond yield moves more closely with the shadow rate during the second 

forecast period. This pattern confirms the findings of Schenkelberg and Watzka (2013), who 

noted that Japan’s QE lead to a remarkable decrease in long-term rates. For the other countries, 

the shadow rates are almost identical to the nominal interest rate. However, since 2007, given 

the ZLB and global low inflation, the shadow rates have diverged from the policy rates.  
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 3.2 Estimation and forecasting methodology  

In line with previous work, we use the random walk model as one of our benchmark naïve 

models10.  In addition, we will use the standard Taylor rule type exchange rate model with 

smooth adjustment as a second benchmark. This will provide useful information on whether 

the use of the shadow rate or long-term government bond improves on the results of the 

standard model. UIP has been used as a further model for comparison following studies such 

as Engel et al. (2019) who used a version of UIP and found it could out-perform the Taylor 

rule model in out-of-sample forecasts. 

Benchmark one: Driftless Random walk 

 ∆𝑠𝑠𝑡𝑡+1 = 𝜀𝜀𝑡𝑡                                                                                                        (14) 

 

Benchmark two: Taylor rule exchange rate model with smooth adjustment 

 ∆𝑠𝑠𝑡𝑡+1 = 𝜙𝜙0 + 𝜙𝜙𝜋𝜋(𝜋𝜋𝑡𝑡 − 𝜋𝜋�𝑡𝑡) + 𝜙𝜙𝑦𝑦(𝑦𝑦𝑡𝑡 − 𝑦𝑦�𝑡𝑡) + 𝜙𝜙𝑙𝑙(𝑖𝑖𝑡𝑡−1 − 𝚤𝚤̃𝑡𝑡−1) + 𝜀𝜀𝑡𝑡     (15) 

Benchmark three: Uncovered interest rate parity with the shadow rate 

 

 ∆𝑠𝑠𝑡𝑡+1 = 𝜙𝜙𝟎𝟎 + 𝜙𝜙𝑙𝑙�𝑖𝑖𝑡𝑡𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝚤𝚤̃𝑡𝑡𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎� + 𝜀𝜀𝑡𝑡 (16) 

Benchmark four: Uncovered interest rate parity with long-term bond yield 

 

 ∆𝑠𝑠𝑡𝑡+1 = 𝜙𝜙𝟎𝟎 + 𝜙𝜙𝑙𝑙�𝑙𝑙𝑖𝑖𝑡𝑡 − 𝑙𝑙𝚤𝚤�𝑡𝑡� + 𝜀𝜀𝑡𝑡 (17) 

 
10 We choose the random walk with no drift to be one of the benchmark models because according to Rossi (2013), 

it is the toughest benchmark to beat. 
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We have also tested Model 1 (i.e. eq. 9) and Model 3(i.e. eq. 11) against model 2(Eq. (10)) to 

investigate the impact on long-term rates after quantifying the economic effects of the QE 

programme on the shadow rate. To obtain the out-of-sample forecasts, we adopt the 

conventional approach in the empirical exchange rate modelling literature by using rolling 

regressions with a moving window of 40 quarters (10 years) for the UK and Japan. The model’s 

performance has been analysed over the main time periods when QE has been used by all 

countries in the sample, which are 2007Q4-2019Q111.12. The window size of 33 has been 

selected specifically for the US/EU exchange rate.13  The model’s performances are examined 

at various forecast horizons (one-, four- and twelve quarters). Following the study of Cheung 

et al. (2019), models are estimated by OLS. These estimates are then used to generate one- and 

multi-quarter ahead forecasts over the period and then compared to the actual data.  

Traditionally, when measuring the forecast performance of a model, the mean square prediction 

error (MSPE) is the most commonly used criterion for comparing the forecasting accuracy of 

a set of models. For comparison purposes, we calculate the ratio of the MSPE of the suggested 

 
11 As mentioned earlier, the forecasts were also carried out for a longer time period for all countries except the 

Eurozone, as the Euro came into existence in 1999, from 2000 onwards to include a longer span of data, but 

overall the forecasts were not as good as when only the QE time span was tested. Results for the longer time 

period available on request. 

 

12 The U.K subprime market collapsed in August 2007. This is confirmed by conducting the Chow and Bai and 

Perron tests. The Eurozone, the U.S. and Japan occurs a few months later. For this reason, we treat 2007Q4 as the 

beginning of the global financial crisis.  

 

13 The choice of window size is restricted by the critical value limits in the Inoue and Rossi (2012) Fluctuation 
test. 
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model to the MSPE of the benchmarks, a value lower than one would indicate that our model 

performs better than the benchmark.  

In addition, we estimate Diebold and Mariano (1995) and West (1996) MSE-t tests (DMW test) 

of predictive ability. DMW tests the null hypothesis that the two forecasting methods provide 

the same level of accuracy over the out-of-sample period, relative to the alternative that one of 

the two model produces better forecasts. In the context of non-nested models, the Diebold and 

Mariano (1995) and West (1996) MSE-t test (DMW test) are commonly used to evaluate 

forecasting performance. Hence, the DMW test is employed as the evaluation criterion only 

with the non-nested tests. 

However, when we used the nested models, the test properties are likely to differ. Clark and 

McCracken (2005) have shown the distribution of the test statistics are not normally distributed 

for a pair of forecasts from a nested model. Clark and McCracken (2012) have further shown 

that both the distribution of the MSE-t and MSE-F are non-standard when the forecasts are 

nested under the null. This is a problem for our out-of-sample forecasting especially when the 

benchmark is a random walk. Clark and West (2006, 2007), argue that to centre the statistic 

around zero an adjustment term is required to get good sized tests. Results from simulations 

show that the CW test statistic using asymptotically normal critical values produce properly-

sized tests for rolling regressions. Clark and McCracken (2001) and Clark and McCracken 

(2005) construct tests of forecast encompassing in order to compare nested models. In addition, 

they show that the F-type test is more powerful than t-type tests of forecast encompassing.   

To test for the relative predictive ability of the two nested models, we employ the Clark and 

West (2006, 2007) (CW) test. The McCracken’s (2007) equal forecast accuracy test (MSE-F, 

MSE-t), Clark and McCracken’s (2001) encompassing test and the modified Diebold and 

Mariano (1995) encompassing test, proposed initially by Harvey et al. (1998) are also provided 
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for comparison purposes, although in the case of nested tests the CW test produces the most 

accurate results.  

3.3 The Consistency Criterion 

We employed the method proposed by Inoue and Rossi (2012) to check the robustness of our 

forecasting results with respect to the choice of the estimation window size. Rogoff and 

Stavrakeva (2008) show that the results may depend on the initial estimation point as well as 

the size of the rolling window.  Inference could be incorrect if empirical results are reported 

for only one window size, so we have used the method of Inoue and Rossi (2012) to filter out 

the possibility of arbitrary decisions based on the window size.  

Following Inoue and Rossi (2012), we use the procedure of testing the nested forecast model: 

 ℛ𝑇𝑇
𝜀𝜀 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅𝑅𝑅�𝑅𝑅,…,𝑅𝑅� ∆𝐿𝐿𝑇𝑇

𝜀𝜀 (𝑅𝑅) (18) 

And 

 
𝒜𝒜𝑇𝑇

𝜀𝜀 =
1

𝑅𝑅 − 𝑅𝑅 + 1
�∆𝐿𝐿𝑇𝑇𝜀𝜀 (𝑅𝑅)
𝑅𝑅

𝑅𝑅=𝑅𝑅

 
(19) 

 where ∆𝐿𝐿𝑇𝑇𝜀𝜀 (𝑅𝑅) is the test statistic and we reject the null hypothesis 𝐻𝐻0: lim
𝑇𝑇→∞

𝜑𝜑[∆𝐿𝐿𝑇𝑇𝜀𝜀 (𝑅𝑅)] =

0 for all 𝑅𝑅 at the significant level 𝛼𝛼 against the alternative 𝐻𝐻𝐴𝐴: lim
𝑇𝑇→∞

𝜑𝜑[∆𝐿𝐿𝑇𝑇𝜀𝜀 (𝑅𝑅)] > 0 for some 𝑅𝑅 

when ℛ𝑇𝑇
𝜀𝜀 > 𝑘𝑘𝛼𝛼ℛ or 𝒜𝒜𝑇𝑇

𝜀𝜀 > 𝑘𝑘𝛼𝛼𝒜𝒜, the critical values 𝑘𝑘𝛼𝛼ℛ and 𝑘𝑘𝛼𝛼𝒜𝒜are provided in the table 4,5 and 6 

in Inoue and Rossi (2012).  
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3.4 Results 

Table 1 contains the results of the forecasts14 for the post-crisis time period, for the three 

models relative to the commonly used benchmark of the random walk. It uses a window of 40 

and forecasts 1, 4 and 12 quarters ahead. For all three countries the CW test statistics suggest 

all three models outperform the random walk over the 1,4 and 12 quarter horizons. For the 

results from the UK and Japan, all the statistics indicate outperformance of the forecasts for the 

models with respect to the random walk, suggesting that this model is able to account for the 

alternative monetary policies of the central banks. Only for the EU are the results more mixed, 

with only the ENC-t and ENC-F statistics indicating outperformance over the random walk. 

This is not surprising as the EU introduced its alternative monetary policies some years after 

the other countries tested, following the Eurozone sovereign debt crisis. These results are 

similar to other studies that have used the Taylor rule-based models to forecast the exchange 

rate, such as Molodtsova and Papell (2009). In particular their success for Japan and the UK at 

the 5% level of significance. Although they don’t test the Eurozone directly, they do find some 

success for the individual components, such as Germany but only at the 10% level of 

significance. Molodtsova et al. (2011) use the Euro against the US dollar with mixed success 

in terms of outperforming the random walk, reflecting the mixed results found in this study 

too. Overall as in Cheung et al. (2019) the forecast performance varies across different 

countries, models and specifications. 

 
14 Forecasts vary for some models, depending on data availability. Forecasts for the EU are conducted with a 

window size of 33 for 2007Q4 to 2019Q1. Also for the EU, the shadow rate is only available until 2018Q1, so 

models are tested until 2018Q3 when the shadow rate is used. For models without the shadow rate, forecasts are 

run until 2019Q1. For the UK, interest rates are only available until 2017Q1, so all the models are tested against 

the standard Taylor rule up to 2017Q4. When RW is used as the benchmark, models 9 and 10 are up to 2019Q1.  
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Table 2. contains the results from the forecasts in which the benchmark is the standard Taylor 

rule model. Using the DMW test statistic as the model is non-nested, the results are mixed, 

with variation across the models and countries. Overall, for the UK the models accounting for 

QE tend to outperform the standard Taylor rule model, whereas for Japan the model 

incorporating QE only outperforms the standard Taylor rule model for model 2 and then only 

over a short time horizon. For the EU the standard Taylor rule model outperforms the 

augmented ones using all three models. 

 In Table 3 the results using UIP with the shadow rate of interest as the benchmark model are 

presented. In this case only for models 2 and 3 in Japan, do the Taylor rule based models 

incorporating QE outperform UIP when using the DMW test statistic, indicating that UIP has 

become an effective model at forecasting exchange rates compared to the Taylor rule model. 

Table 4 reports the out-of-sample forecast performance with UIP using the long-term 

government bond yield as the benchmark, so that models 1 and 3 are now nested and the CW 

test is used since Model 1 and 3 can be taken as nesting model 2, although the DMW statistic 

is used for model 2 as these models are non-nested. The results reflect those using UIP with 

the shadow rate in that only Japan outperforms with the Taylor rule models incorporating QE. 

The success of UIP in explaining the exchange rate reflects other recent studies that have 

analysed UIP from different perspectives, such as Kumar (2019) with a risk premium approach. 

Overall In this study model 3, the Taylor rule incorporating long-term government bond rates 

outperforms the RW at all forecast horizons for all the countries studied, although it fails to 

beat some benchmarks, particularly based on UIP for some countries. The models work best 

for Japan, but worst for the EU. This could be due to Japan having used QE over a longer time 

period relative to either the UK or the EU, as it initially used the alternative monetary policies 

in 1998. In addition, whilst the EU has been using alternative monetary approaches it has also 

been suffering from the Eurozone debt crisis, so in this case the return on government bonds 
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may be reacting to concerns over the Eurozone’s debt crisis in conjunction with the effects 

from QE. 

 Table 6. presents results from tests on whether the window size affects these results. They are 

based on model 3, which was the most successful model tested and it is relative to the random 

walk. This shows that the forecasting ability relative to the random walk is not just due to an 

ad-hoc value for the window size. The results are all significant at the 5% significance level, 

showing that the results are robust to the size of the window. For the UK and EU, predictive 

ability disappears when the window size rises above 60 and 50 respectively.  In general, the 

smaller sized rolling windows tend to yield better predictive ability.  

 Figure 4 plots the change in window size results, with the tests rejecting the null hypothesis 

when the largest value of the Clark and McCracken's (2001) test statistic is above the critical 

value line. For the EU, the most favourable predictive ability results are when the window 

length are smaller than 30, beyond a window length of 50, the successful predictive ability of 

our model disappears completely. The model is most stable when applied to Japan across 

multiple window sizes, as the evidence in favour of predictive ability remains the same. For 

the UK, the evidence in favour of predictive ability also disappears if the window length 

exceeds 60 at the 5% significance level. Overall, the predictive ability of our model tends to be 

best with smaller window sizes. 

 

4. Conclusion 

 The three models incorporating the effects of alternative non-traditional monetary policies 

have produced varying results across countries and against different benchmarks. Overall 

model 3, which includes the long-term government bond rate in the standard Taylor rule model 

has produced the best overall forecasting performance. In particular it consistently beats the 
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random walk based on the CW test statistic, although its performance against the other 

benchmarks, especially against the UIP with the shadow interest rate, provides less conclusive 

results. 

 It is also clear that the models perform differently across the three exchange rates, reflecting 

differences in the extent and context of the use of QE in the individual countries. The models 

forecast best with the Japanese data, possibly reflecting the length of time that these policies 

have been used. However these models tend not to work so well with the EU data, this could 

be because the EU started using QE later than the others and also in the context of the Eurozone 

debt crisis, which would inevitably have substantially affected the returns on government bonds 

across the EU. 

 The policy implications derived from the study differ across the countries analysed as a result 

of the differing approaches to unconventional monetary policy used and the eras during which 

the policies were implemented. As Japan has been using unconventional monetary policies for 

longer than the other countries studied, the implications of its use are clearer. As Ueda (2012) 

has suggested, overall the policies didn’t achieve many of their desired outcomes such as a 

weaker Yen and a return to inflation rather than deflation. The forecasts of the Japanese 

exchange rate have been the most accurate, which indicates that including unconventional 

policies, such as QE in the standard Taylor rule, has enabled better forecasting of their 

exchange rate, with the implications for more effective monetary policy, better planning of the 

trade balance and capital movements relating to movements in the exchange rate.  

 However, forecasting of the Eurozone currency has been less successful, possibly due to the 

shorter time span over which they have been conducted, so using forecasts based on UIP would 

be more useful with Eurozone data. However these unconventional monetary policies have 

arguably been more effective in terms of stabilising the Eurozone economy. The UK is in the 
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middle in terms of forecasting performance and the effectiveness of its policies, mostly 

involving QE. Unconventional monetary policies were arguably more successful in terms of 

supporting the economy after the financial crisis than the later attempts at QE, which may 

explain the mixed performance of the exchange rate forecasting.  

Overall the inclusion of the long-term interest rate in exchange rate models, such as the Taylor 

rule model, can improve the forecasting performance for central banks and economic policy 

makers, financial market participants and economic modellers for some countries. The use of 

these alternative monetary policies has not only affected domestic economic conditions through 

the decreasing long-term interest rates, but also movements in the exchange rates. However the 

forecasting model chosen by an individual central bank would need to incorporate the 

individual circumstances of the QE in a specific country, such as the stability of the sovereign 

bond markets. Future research could include other countries that adopt similar monetary 

policies in the future as well as the use of additional data and window sizes for the forecasting. 
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Figure 1: Exchange rates for the Japanese yen, end of month.  

 

Figure 2: Exchange rates for British pound and Euro, end of month.  
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                                   A). Japan                                                                   B).UK 

 

                                  C). US                                                                            D). EU 

Figure 3: Plots of the interest rate, shadow rate and long-term bond interest rate 
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Figure 4: The estimated Clark and McCracken (2001) ENCNEW test statistics for comparing 

the augmented Taylor rule (model 3)with the RW over varying window sizes.. 

 

                               (A). Japan                                                                 (B). UK 

 

                              (C). EU 

Notes: The window sizes we consider are reported on the x-axis, together with the 5% and 10% critical values of the ℛ𝑇𝑇
𝜀𝜀  

test statistic. The test is rejected when the largest value of the Clark and McCracken (2001) test is above the critical value 
line.
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Table 1. Results for the forecasts with respect to the RW between 2007Q4-2019Q1: 

Benchmark: 
Random walk  

        

UK:  Window 
size=40 

MSPE CW MSE-t MSE-F ENC-t ENC-F 

1997Q4-2019Q1 Model 1 1-quarter 0.0124 15.271** 1.165*** 13.477*** 3.171*** 28.669*** 
  4-quarter  0.0187 9.3016**     
  12-quarter  0.0588 16.854**     
1997Q4-2019Q1 Model 2 1-quarter 0.0120 17.655** 1.813*** 15.441*** 3.852*** 19.224*** 
  4-quarter  0.0146 11.725**     
  12-quarter  0.0242 10.923**     
1997Q4-2019Q1 Model 3 1-quarter 0.0124 14.572** 1.055*** 13.419*** 3.498*** 31.822*** 
  4-quarter  0.0225 6.014**     
  12-quarter  0.0894 20.761**     
Japan  Window 

size=40 
MSPE CW MSE-t MSE-F ENC-t ENC-F 

1997Q4-2019Q1 Model 1 1-quarter 0.0239 133.516** 1.476*** 14.684*** 6.305*** 31.986*** 
  4-quarter  0.2174 35.244**     
  12-quarter  0.8082 14.127**     
1997Q4-2019Q1 Model 2 1-quarter 0.0122 126.407** 4.398*** 72.694*** 7.992*** 81.948*** 
  4-quarter  0.0263 59.883**     
  12-quarter  0.0696 32.907**     
1997Q4-2019Q1 Model 3 1-quarter 0.0133 117.728** 3.252*** 63.368*** 8.151*** 85.653*** 
  4-quarter  0.0853 33.443**     
  12-quarter  0.2594 16.040**     
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(Table 1 cont.) 

Benchmark: 
Random walk 

        

Europe  Window 
size=33 

MSPE CW MSE-t MSE-F ENC-t ENC-F 

1999Q3-2019Q1 Model 1 1-quarter 0.0206 7.717** -0.136 -2.381 2.184** 18.875*** 
  4-quarter  0.0368 4.136**     
  12-quarter  0.0300 5.716**     
1999Q3-2018Q3 Model 2 1-quarter 0.0219 8.093** -0.146 -2.125 2.234*** 17.463*** 
  4-quarter  0.0441 3.399**     
  12-quarter  0.0342 8.153**     
1999Q3-2018Q3 Model 3 1-quarter 0.0224 9.042** -0.458 -4.950 2.348*** 13.463*** 
  4-quarter  0.0559 4.425**     
  12-quarter  0.0614 2.565**     

Notes: The table reports the MSPE of each model with respect to the random walk model; since these are nested random walk, the CW statistic is used; 
Significance at the 90%, 95% and 99% levels is denoted by *, ** and *** stars respectively; For the CW statistics, the null hypothesis is rejected if the 
statistic is greater than +1.282 (for a one side 0.10 test) or +1.645 (for a one side 0.05 tests). The critical values for MSE-t, MSE-F, ENC-F and ENC-t are 
obtained from Clark and McCracken (2001) and McCracken (200
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Table 2. Results for the forecasts with the standard Taylor rule as the benchmark between 
2007Q4-2019Q1. 

Benchmark: 
standard Taylor 
rule 

    

UK:  Window size=40  Theil’s U DMW 
1997Q4-2017Q4 Model 1 1-quarter  0.763 1.445(p=0.074)* 
  4-quarter  0.849 0.553(p=0.290) 
  12-quarter 1.618 -1.377(p=0.915) 
1997Q4-2017Q4 Model 2 1-quarter  0.724 2.731(p=0.003)*** 
  4-quarter 0.662 1.695(p=0.045)** 
  12-quarter 0.657 1.814(p=0.034)** 
1997Q4-2017Q4 Model 3 1-quarter  0.698 1.256(p=0.104)* 
  4-quarter 0.946 -0.123(p= 0.549) 
  12-quarter 3.018 -1.398(p= 0.919) 
Japan 
 

Window size=40  Theil’s U DMW 

1997Q4-2019Q1 Model 1 1-quarter  1.308 -1.210(p=0.887) 
  4-quarter 6.940 -1.272(p=0.898) 
  12-quarter 14.947 -1.443(p=0.925) 
1997Q4-2019Q1 Model 2 1-quarter  0.669 2.384(p=0.009)*** 
  4-quarter 0.839 0.483(p=0.314) 
  12-quarter 1.287 -0.437(p=0.669) 
1997Q4-2019Q1 Model 3 1-quarter  0.726 1.248(p= 0.103)* 
  4-quarter 2.723 -1.016(p= 0.845) 
  12-quarter 4.797 -1.346(p= 0.910) 
Europe Window size=33  Theil’s U DMW 
1999Q3-2019Q1 Model 1 1-quarter  0.986 0.204(p=0.419) 
  4-quarter 0.970 0.382 (p=0.350) 
  12-quarter 1.012 -0.058(p=0.523) 
1999Q3-2018Q3 Model 2 1-quarter  1.003 -0.093(p=0.537) 
  4-quarter 1.118 -1.983(p=0.976) 
  12-quarter 1.149 -1.051(p=0.853) 
1999Q3-2018Q3 Model 3 1-quarter  1.002 -0.050(p=0.519) 
  4-quarter 1.406 -2.118(p=0.982) 
  12-quarter 2.063 -2.341(p=0.990) 

Note: The table reports out-of-sample forecast performance of each model relative to the standard Taylor type 
exchange rate model; Since models are non-nested, the DMW statistic is used; Theil’s U are the ratios of the 
MSPE of each model to the corresponding benchmark. The null hypothesis for the DMW test is that the MSPE 
from the benchmark is equal to the MSPE from our tested model, and the alternative hypothesis is the MSPE 
from our test model is smaller than the MSPE from the corresponding benchmark; Significance at the 90%, 95% 
and 99% levels is denoted by *, ** and *** stars respectively; 
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Table 3. Results for the forecasts with UIP (shadow rate) as the benchmark between 
2007Q4-2019Q1. 

Benchmark: UIRP (shadow)     
UK Window size=40  Theil’s U DMW 
1997Q4-2019Q1 Model 1 1-quarter 1.487 -1.712(p=0.957) 
  4-quarter  2.318 -2.431(p=0.992) 
  12-quarter  5.385 -2.261(p=0.988) 
1997Q4-2019Q1 Model 2 1-quarter 1.439 -2.605(p=0.995) 
  4-quarter  1.806 -2.154(p=0.984) 
  12-quarter  2.214 -1.700(p=0.955) 
1990Q2-2019Q1 Model 3 1-quarter 1.488 -1.6430(p=0.949) 
  4-quarter  2.786 -2.607(p=0.995) 
  12-quarter  8.190 -1.669(p=0.952) 
EU Window size=33  Theil’s U DMW 
1999Q3-2018Q2 Model 1 1-quarter 1.202 -0.443(p=0.671) 
  4-quarter  1.963 -1.023(p=0.846) 
  12-quarter  1.620 -2.486(p=0.993) 
1999Q3-2018Q2 Model 2 1-quarter 1.220 -0.533(p=0.703) 
  4-quarter  2.004 -1.094(p=0.863) 
  12-quarter  1.641 -5.670(p=1.000) 
1999Q3-2018Q2 Model 3 1-quarter 1.225 -0.735(p=0.768) 
  4-quarter  2.800 -1.512(p=0.934) 
  12-quarter  3.059 -2.883(p=0.998) 
Japan Window size=40  Theil’s U DMW 
1997Q4-2019Q1 Model 1 1-quarter 1.252 -0.926(p=0.822) 
  4-quarter  6.584 -1.203(p=0.886) 
  12-quarter  12.619 -1.448(p=0.926) 
1997Q4-2019Q1 Model 2 1-quarter 0.640 3.399(p=0.000)*** 
  4-quarter  0.796 1.628(p=0.051)** 
  12-quarter  1.087 -0.327(p=0.628) 
1990Q2-2019Q1 Model 3 1-quarter 0.695 1.592(p=0.056)* 
  4-quarter  2.584 -0.985(p=0.837) 
  12-quarter  4.050 -1.400(p=0.919) 

Note: the table reports out-of-sample forecast performance of each model relative to UIP with the shadow 
rate; Since models are non-nested, the DMW statistic is used; Theil’s U are the ratios of the MSPE of each 
model to the corresponding benchmark. The null hypothesis for the DMW test is that the MSPE from the 
benchmark is equal to the MSPE from our tested model, and the alternative hypothesis is the MSPE from our 
test model is smaller than the MSPE from the corresponding benchmark; Significance at the 90%, 95% and 99% 
levels is denoted by *, ** and *** stars respectively;
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Table 4. Results for the forecasts with UIP (long-term bond) as the benchmark between 2007Q4-2019Q1. 

Benchmark: UIP 
(long-term bond) 

         

UK Window 
size=40 

 Theil’s U DMW 
(Model 2) 

CW 
(Model 1& 3) 

MSE-t MSE-F ENC-t ENC-F 

1997Q4-2019Q1 Model 1 1-quarter 1.030 -0.266(p=0.604) 1.524*     
  4-quarter  0.919 0.805(p=0.210) 1.846**     
  12-quarter  2.885 -1.799(p=0.964) 0.583     
1997Q4-2019Q1 Model 2 1-quarter 1.005 0.025(p=0.489) 3.256**     
  4-quarter  0.717 3.078(p=0.001) 4.645**     
  12-quarter  1.186 -0.547 (p=0.707) 7.913**     
1990Q2-2019Q1 Model 3 1-quarter 1.030 -0.264(p= 0.604) 1.970** -0.266 -1.377 1.949*** 6.116*** 
  4-quarter  1.105 0.221(p=0.412) 0.251     
  12-quarter  1.324 -1.427 (p=0.923) -1.368     
Japan Window 

size=40 
 Theil’s U DMW 

(Model 2) 
CW 
(Model 1& 3) 

MSE-t MSE-F ENC-t ENC-F 

1997Q4-2019Q1 Model 1 1-quarter 0.748 1.356(p=0.087)* 1.997**     
  4-quarter  1.252 -0.720(p=0.764) 0.096     
  12-quarter  1.081 -0.254(p=0.601) 0.901     
1997Q4-2019Q1 Model 2 1-quarter 0.383 2.141(p=0.016)*** 3.048**     
  4-quarter  0.151 1.368 (p=0.085)* 1.333     
  12-quarter  0.093 1.428(p=0.076)* 1.409     
1990Q2-2019Q1 Model 3 1-quarter 0.415 2.237(p= 0.012)*** 3.057** 2.213*** 64.788*** 3.024*** 65.254*** 
  4-quarter  0.491 1.451(p=0.073) 1.399*     
  12-quarter  0.347 1.440(p=0.074)* 1.849**     
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(Table 4 cont.) 

Benchmark: UIP 
(long-term bond) 

         

EU Window 
size=33 

 Theil’s U DMW 
(Model 2) 

CW 
(Model 1& 3) 

MSE-t MSE-F ENC-t ENC-F 

1999Q3-2019Q1 Model 1 1-quarter 1.078 -0.178(p=0.571) 1.472*     
  4-quarter  1.612 -0.868(p=0.807) 0.329     
  12-quarter  1.181 -0.596(p=0.724) 0.577     
1999Q3-2018Q2 Model 2 1-quarter 1.095 -0.236(p=0.593) 1.525*     
  4-quarter  1.644 -0.917(p=0.821) 0.414     
  12-quarter  1.189 -0.903(p=0.816) 0.676     
1999Q3-2018Q2 Model 3 1-quarter 1.097 -0.414 (p=0.660) 1.322* -0.317 -3.791 1.307* 9.650*** 
  4-quarter  2.296 -1.506(p=0.934) -0.943     
  12-quarter  2.216 -2.056(p=0.980) -1.474     

Note: The table reports out-of-sample forecast performance of each model relative to UIP with long-term government yield; the CW test is used for Model 
1 and Model 3 since Model 1 and 3 can be taken as nesting model 2. The DMW statistic is used for model 2 as these models are non-nested; Theil’s U are 
the ratios of the MSPE of each model to the corresponding benchmark. The null hypothesis for the DMW test is that the MSPE from the benchmark is equal 
to the MSPE from our tested model, and the alternative hypothesis is the MSPE from our test model is smaller than the MSPE from the corresponding 
benchmark; Significance at the 90%, 95% and 99% levels is denoted by *, ** and *** stars respectively; For CW statistics, the null hypothesis is rejected if 
the statistic is greater than +1.282 (for a one side 0.10 test) or +1.645 (for a one side 0.05 tests). 
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Table 5. Results for the forecasts with the Taylor rule model and shadow rate as the benchmark between 2007Q4-2019Q1. 

Benchmark:  
Taylor rule with shadow 
(i.e. model 2)  

         

UK: Window size=40  Theil’U DMW 
(Model 1) 

CW 
(Model 2) 

MSE-t MSE-F ENC-t ENC-F 

1997Q4-2019Q1 Model 1 1-quarter 1.033 -0.260(p=0.602)      
  4-quarter  1.283 -1.438(p=0.924)      
  12-quarter  2.433 -1.669(p=0.952)      
1997Q4-2019Q1 Model 3 1-quarter 1.034 -0.228(p=0.590) 1.450* -0.226 -1.514 1.434** 5.226*** 
  4-quarter  1.542 -1.922(p=0.973) -0.516     
  12-quarter  3.699 -1.652(p=0.951) -1.477     
Japan Window size=40  Theil’U DMW 

(Model 1) 
CW 
(Model 2) 

MSE-t MSE-F ENC-t ENC-F 

1997Q4-2019Q1 Model 1 1-quarter 1.956 -2.524(p=0.994)      
  4-quarter  8.272 -1.250(p=0.894)      
  12-quarter  11.611 -1.471(p=0.929)      
1997Q4-2019Q1 Model 3 1-quarter 1.085 -0.395(p=0.653) 1.377* -0.391 -3.614 1.363** 4.204*** 
  4-quarter  3.246 -1.137 (p= 0.872) -0.634     
  12-quarter  3.726 -1.517(p=0.935) -1.086     
Euro Window size=33  Theil’U DMW 

(Model 1) 
CW 
(Model 2) 

MSE-t MSE-F ENC-t ENC-F 

1999Q3-2018Q2 Model 1 1-quarter 0.985 0.2126(p=0.415)      
  4-quarter  0.874 1.802(p=0.036)**      
  12-quarter  0.963 0.319(p=0.374)      
1999Q3-2018Q2 Model 3 1-quarter 1.004 -0.032(p= 0.512) 1.777** -0.032 -0.169 1.757** 5.271*** 
  4-quarter  1.247 -1.645(p=0.950) -0.086     
  12-quarter  1.819 -1.710(p=0.956) 0.348     

Note: The table reports out-of-sample forecast performance of each model relative to Model 2; CW test is used for Model 3 since Model 3 can be taken as 
nesting model 2. The DMW statistic is used for model 1 as these models are non-nested; Theil’s U are the ratios of the MSPE of each model to the 
corresponding benchmark. The null hypothesis for the DMW test is that the MSPE from the benchmark is equal to the MSPE from our tested model, and the 
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alternative hypothesis is the MSPE from our test model is smaller than the MSPE from the corresponding benchmark; Significance at the 90%, 95% and 99% 
levels is denoted by *, ** and *** stars respectively; For CW statistics, the null hypothesis is rejected if the statistic is greater than +1.282 (for a one side 
0.10 test) or +1.645 (for a one side 0.50 test) 

 

 

Table 6: Robustness to choice of window size results  
 

 𝓡𝓡𝑻𝑻 𝓐𝓐𝑻𝑻 
UK 12.2762** 3.1171** 
Japan 34.676** 13.9518** 
EU 3.9548** 1.3793** 

Note: the table report result of model 3 respect to random walk model; * and ** denote significant at 10% and 5% level. The value of 𝑅𝑅 will depend on the 
sample size, which is different for each country and is shown in Figures 1 and 2. Follow Inoue and Rossi (2012), we used 𝜇𝜇 = 0.15 for the ℛ𝑇𝑇 and 𝒜𝒜𝑇𝑇 tests. 
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Appendices 

Figure A1 The cumulative change to the central bank balance sheets. 

a: US Federal Reserve 

 
Notes: Data sourced from the US Federal Reserve. 

 

b: UK Bank of England Asset Holdings 

 
Notes: Data sourced from UK Bank of England. 
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c: Bank of Japan asset Holdings 

 
Notes: Data sourced Bank of Japan and FRED. 

d. Eurozone total asset holdings 

 
Notes; Data sourced from ECB. 
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