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In this paper, we apply the time-varying ARMA model with exogenous variable
(TV-ARMAX) to examine the predictive power of monetary policy on international stock
returns. This method allows time-varying coefficient estimates and uses time-dependent
cumulated variation penalty to filter noisy outlier data points. Based on a wide range of
31 countries, our method robustly outperforms other popular methods including the
simple linear-regression model (SLM), the vector autoregression and its variants (VAR,
TV-VAR, and VARX) and the ARMA model with exogenous variable (ARMAX).

I. Introduction

The evolution of methodology employed to study the re-
lation between monetary policy and stock market returns
can be summarized as follows. Early studies used linear re-
gression (e.g., Bernanke & Kuttner, 2005; Patelis, 1997).
Later studies (e.g., Bernanke et al., 2005; Bjgrnland & Leit-
emo, 2009) use VAR and its variants to recognize the inter-
dependence between market returns and monetary policy.
Also, some papers apply the nonlinear models, such as the
nonlinear VAR model (Sun & Wang, 2018) and the STAR-
X model (Dahmene et al., 2021). Most recently, researchers
have started to use time-varying coefficient to study the re-
lation (e.g., Cepni & Gupta, 2021).

Acharya et al. (2020), Dahmene et al. (2021) and Bianchi
et al. (2022) find that monetary policy affects the stock
market diversely at different times. However, there have
been very few attempts that allow time-varying coefficient
of the input variables while outlier events (e.g., the finan-
cial crisis and European debt crisis) may distort coefficient
estimates which add to prediction error. Our TV-ARMAX
model fills this gap by allowing time-varying coefficient es-
timates and filtering outlier data points. Moreover, as doc-
umented by Anarkulova et al. (2022), phenomena observed
in the US market — the most prevailing market in which
prior research conducts empirical tests — may not hold in
other markets. Therefore, our paper validates models on a
multi-country base.

This study contributes to the literature by addressing
the above issues, which seem to have received only limited

attention (if any at all) from prior studies. Particularly,
we employ the time-varying ARMA model with exogenous
variable (TV-ARMAX) and conduct tests across 31 countries
for empirical practice.1 On the one hand, TV-ARMAX allows
time-varying coefficients to capture the potential changes
of effect over time. On the other hand, TV-ARMAX uses
time-variant penalty which prevents periodic outlier events
from distorting coefficient estimates. Finally, conducting
tests from a wide range of countries gives strong support
for the validity of our method as any findings made do not
come from one single country.

Consistent with prior studies, we find that interest rate
(a commonly used proxy for monetary policy) is negatively
correlated with future market returns on average. More-
over, we observe time-varying effect of interest rate with
the Global financial crisis and European debt crisis witness-
ing the highest effect of interest rate. In the out-of-sample
prediction, our approach robustly outperforms other pre-
dictive models including the simple linear regression model
(SLM), the vector autoregression (VAR), the VAR with ex-
ogenous variable (VARX), the time-varying vector autore-
gression (TV-VAR), and the ARMAX among both developed
and emerging markets. Across all three settings — all mar-
kets, developed markets, and emerging markets — the pre-
diction error of TV-ARMAX is only a small fraction of that
of other models, indicating the superiority of our approach.

a Corresponding author email: wjxue@shu.edu.cn

1 Of these 31 countries, developed markets include Australia, Canada, Denmark, Finland, France, Germany, Greece, Hong Kong, Israel,
Italy, Spain, Sweden, Switzerland, United Kingdom and United States. The developing markets include Brazil, Chile, China, Colombia,
Hungary, India, Indonesia, South Korea, Malaysia, Mexico, Peru, Philippines, Poland, Russia, Saudi Arabia and South Africa.
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I1. Methodology
A. The TV-ARMAX Methodology

TV-ARMAX model extends the ARMAX model by allow-
ing the coefficient to vary with time and by adding a time-
dependent cumulated variation penalty from Zhang et al.
(2020). Given a time series y;, fort = 1,2,...,T, the depen-
dent variable under TV-ARMAX (p, q, m) model is given by

Eq. (1):
P q m
Yr = pt + Z Dty —i — Zejtet—j + Zﬁktwt—k + € (1)
i=1 j=1 k=1
In the equation above, u, is the drift term, z;is the exoge-
nous variable, ¢;, 6;, and j; are coefficients, and e; is the
independent N (0, o%) error term. Note that at time t, y1, y»,

..., Y41 are observable, and therefore we can define the er-
ror terms as:
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Our target function — sum of squares with time-dependent
cumulated variation penalty at time T is given by:
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B D .. BT for t =1,2,...,T as the solution of the
minimization of Q7. The hyperparameter); = xt® is cali-
brated using a grid point search.” For robustness purposes,
we consider both the non-adaptive and adaptive methods
for hyperparameter calibration. In the Adaptive method,
is selected from (10°, 10%3, 10%6, ..., 1027, 10°%) and « is
chosen from oo = + + i for i = 1,2,...,8,9. Intuitively,
smaller x and « place lighter penalty on the inter-period
difference of coefficients, which allows a higher degree of
intertemporal variation. Non-adaptive method, on the
other hand, lets & > oo, which allows no intertemporal dif-
ference of the coefficients. Following Zhang et al. (2020),
we use a real-time O(1) updating strategy for determining
the best combination of (p, m, q, &, ). Please see Appendix
A for details.

B. The Prediction Models

In this section, we introduce the empirical application
details of the TV-ARMAX model together with all other
benchmark models. These models include the simple lin-

ear-regression model (SLM), vector autoregression model
(VAR, TV-VAR, and VARX), and ARMAX. SLM is the most
straightforward model which is a natural starting point.
VAR is the most widely used model in the literature which
warrants its inclusion. We also enhance VAR by allowing
time-varying coefficients (TV-VAR) and by introducing ex-
ogenous variables (VARX). Finally, we consider the time-in-
variant version of ARMAX to directly demonstrate the im-
portance of allowing time-varying coefficients.
Particularly, the TV-ARMAX model takes this form:

p q
RET; = e+ ) ¢uRET, i =) Oper
. i=1 Jj=1 (4)
+3 " BuMPOLICY, ; + ¢
k=1

where RET; is the MSCI stock index returns of one specific
country, and MPOLICY is monetary policy, which is proxied
by interest rate (INTEREST).

The ARMAX model takes this form:
p

q
RET, = p+ Y ¢:;RET, i — Y 0 ;

w (5)
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Note that the key difference between the ARMAX and the
TV-ARMAX is that the coefficients in ARMAX are not time-
varying.

We consider three types of vector auto-regression mod-
els; they are the VAR, the time-varying VAR (TV-VAR), and
the VAR with exogenous variable (VARX).

In particular, the VAR(p) model is given by,

Yi=A1Yei+... .+ A1Yer + e (6)
where Y; = (RET;, MPOLICY;) and A; is a2 x 2 coeffi-
cient matrices.

The TV-VAR(p) model is given by

Y = XiBe + Ay 'S (7)
where
Y: = (RET;, MPOLICY:), X: = I} ® (Ys_1,-- -, Yi_s)-
The VARX(p,q) model is given by:

p
RET, = p+ )  $iRET,
i=1

. (8)
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and all the variables are defined the same as before.
Finally, we include the simple linear-regression model
(SLM) which is given by

p
RET; = p+ Y B;MPOLICY; + ¢, (9)
i=1

C. Data and Sample Construction

We collect MSCI country-specific stock market indexes
as proxies of stock market returns. We use central bank pol-

2 The asymptotic properties of the choice of tuning parameter are described by Ng et al. (2018).
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icy rate from Data and Statistics in Bank for International
Settlements (BIS) as the proxy for monetary policy. The
central bank policy rate is the interest rate (in level form),
which is used by the central bank to implement or signal
its monetary policy stance.’ The data frequency in this pa-
per is monthly and the sample period is from January 2006
to April 2020. We use the Levin-Lin-Chu unit-root test and
find that stock market returns and interest rate are both
stationary. Please see Table B1 in Appendix B for the sum-
mary statistics across all countries. Figure C1 in Appendix
C provides the cross-sectional average of interest rate from
2006 to 2020.

III. Empirical Results
A. In-Sample Coefficient of TV-ARMAX

In this subsection, we apply the TV-ARMAX in Eq. (4)
and obtain time-varying estimated coefficients for 31 stock
markets. We calculate the cross-country average time-vary-
ing coefficients of the first lagged stock returns (¢;) as the
optimal number and interest rate (8;). Figure 1 plots the
time series of cross-country averages for all stocks markets,
developed stock markets, and emerging stock markets.

Overall, we observe apparent variation of the coefficient
over time, which provides evidence for allowing time-vari-
ant coefficients of the model. During the Global financial
crisis and European debt crisis, the negative impact of in-
terest rate was at its highest since central banks in most
countries applied an expansionary monetary policy in the
recession periods and we tend to observe a sharp “bounce-
back” of the stock market after sharp decreases of interest
rates.

B. Out-of-Sample Performance Using TV-ARMAX
Model

In this subsection, we apply the TV-ARMAX model with
non-adaptive method (TV-ARMAX, ), the TV-ARMAX
model with adaptive method (TV-ARMAX,), the ARMAX
model, the VAR model, the TV-VAR model, the VARX
model, and the simple linear model (SLM) for out-of-sam-
ple prediction. We calculate the average MSE, MAE and
RMSE as measures of prediction error.” We use the first 70%
of the data as a training sample and apply the coefficients
obtained to the remaining 30% of the sample for perfor-
mance evaluation.

Panels A, B and C of Table 1 report the cross-country av-
erage performance in all markets, developed markets, and
emerging markets, respectively. In all three settings, we
find that TV-ARMAX methods generate meaningfully
smaller prediction errors than models used in prior stud-
ies.” We also observe that the adaptive version, TV-AR-

MAX,, delivers a better performance than the non-adaptive
version, TV-ARMAX ...

To provide statistical evidence, we test the difference
of prediction errors between TV-ARMAX, and each of the
other methods as follows. First, we calculate the prediction
error for TV-ARMAX, and one of the other methods for
each country. Second, for each country, we take the differ-
ence of the prediction errors generated by the two meth-
ods in comparison. Finally, we calculate the mean and the
standard error of the prediction error differences. Overall,
as shown in Table 2, we find that TV-ARMAX,, significantly
outperforms prior methods in majority of cases. The predic-
tion results above imply market inefficiency in the interna-
tional stock markets.

IV. Conclusion

In this paper, we apply the TV-ARMAX model to in-
vestigate the predictability of monetary policy on 31 stock
market returns. We find that monetary policy has a time-
varying impact on stock returns. The TV-ARMAX model
delivers a significantly smaller prediction error than other
benchmark models. Our results bear important insights for
investors and policymakers with respect to learning the
dynamic relationship between monetary policy and stock
market returns.

Submitted: February 23, 2023 AEST, Accepted: July 01, 2023
AEST

3 The central bank policy rate we use is less time-varying and relatively stable so that the first difference would result in much information
loss related with interest rate. Therefore, we choose to use interest rate (in level form).

4 The detailed formula of MSE, MAE and RMSE are shown in Appendix C.

5 As a robustness check, we also use M, growth to proxy for monetary policy and find similar results as shown in Table 2. The results show
that TV-ARMAX, performs better than other prediction models. These results are available from the authors on request.
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TV-ARMAX coefficients in all the stock markets
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Figure 1. The cross-country average coefficients

Note: The cross-country average coefficients of first lagged stock return and interest rate using the TV-ARMAX model in all the markets, the developed markets and emerging mar-
kets.
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Table 1. Prediction Error

Model MSE MAE RMSE
Panel A: All Markets
SLM Mean 2.76x1073 3.85x1072 5.23x1072
S.E. 6.25x104 5.21x10-3 5.21x1073
VAR Mean 1.49x10°2 1.02x101 1.17x1071
SE. 2.80x1073 1.48x1072 1.91x102
TV-VAR Mean 2.61x1073 3.75x102 4.77x102
SE. 2.81x103 1.41x102 1.86x102
VARX Mean 2.73x10-3 3.81x102 4.87x102
S.E. 2.80x10-3 1.48x102 1.91x1072
ARMAX Mean 2.72x1073 3.81x102 4.87x102
SE. 2.81x1073 1.49x1072 1.92x102
TV-ARMAX, Mean 1.28x105 4.12x102 2.02x1073
S.E. 4.67x10 1.24x1072 3.00x10-3
TV-ARMAX, Mean 1.98x10-8 3.08x102 9.29x10°>
SE. 3.69x1077 1.25x10-3 1.07x107>
Panel B: Developed Markets
SLM Mean 1.74x1073 3.21x102 4.16x102
S.E. 3.03x10™ 2.89x1073 3.37x1073
VAR Mean 9.34x1073 8.27x1072 9.53x1072
SE. 3.24x1073 1.50x1072 1.70x10°2
TV-VAR Mean 1.77x10°3 3.40x1072 4,19x102
SE. 3.69x10 3.85x103 4.54x1073
VARX Mean 1.74x1073 3.21x1072 4.12x1072
S.E. 5.54x10™ 5.88x1073 6.96x1073
ARMAX Mean 1.73x10°3 3.23x102 4.11x102
SE. 5.29x104 5.93x103 6.68x1073
TV-ARMAX, Mean 1.17x1076 3.48x102 9.98x10"4
SE. 8.03x107 5.63x103 4.47x10™
TV-ARMAX, Mean 2.49x108 2.55x1072 9.94x10°
S.E. 4.48x1079 8.72x10°3 1.31x10
Panel C: Emerging Markets
SLM Mean 3.34x1073 4.15x1072 5.74x1072
SE. 8.28x10™ 6.70x1073 6.41x103
VAR Mean 1.80x102 1.11x101 1.28x1071
S.E. 1.34x102 3.66x1072 4.29x102
TV-VAR Mean 3.07x1073 3.93x102 5.07x1072
SE. 3.63x10°3 1.70x1072 2.30x1072
VARX Mean 3.31x10%3 4.12x1072 5.24x1072
S.E. 3.75x10%3 1.88x1072 2.46x1072
ARMAX Mean 3.32x1073 4.12x1072 5.24x1072
SE. 3.77x1073 1.89x10°2 2.48x1072
TV-ARMAX,,, Mean 7.12x10° 4.47x102 1.90x103
SE. 1.72x10°> 1.47x1072 1.93x1073
TV-ARMAX, Mean 1.58x108 3.37x102 8.16x105
S.E. 3.48x1077 1.39x10°3 9.88x10°6

Note: This table presents the prediction errors of the models considered in the paper. SLM is the simple linear model. VAR is vector auto-regression. TV-VAR is VAR with time-vary-
ing coefficient. VARX is the VAR with exogenous variables, ARMAX is the ARMAX model, TV-ARMAXna is the time-varying ARMAX model with non-adaptive method and TV-AR-
MAXa is the time-varying ARMAX model with adaptive method. We report three measures of prediction errors: mean squared error (MSE), mean absolute error (MAE), and root of
mean squared error (RMSE). The mean is the cross-country average of a particular measure and S.E. is the standard error.
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Table 2. Prediction Error Difference

Model MSE MAE RMSE
Panel A: All Markets
SLMvs TV-ARMAX, Mean 2.76x1073™ 7.68x1073™ 5.22x102™
SE. (6.34x104) (1.32x1079) (5.30x1079)
VAR vs TV-ARMAX,, Mean 1.49x102" 7.09x10°2"" 1.17x10°1"
S.E. (1.09x1079) (2.16x107?) (3.69x1072)
TV-VAR vs TV-ARMAX, Mean 2.61x1073™ 6.62x1073"™ 4.76x102"
SE. (2.85x104) (1.13x1079) (1.94x1072)
VARX vs TV-ARMAX,, Mean 2.73x10 7.26x10°%" 4.86x102""
S.E. (2.81x1079) (1.77x1079) (1.86x1072)
ARMAX vs TV-ARMAX Mean 2.72x10°3"™ 7.28x10°3™ 4.86x102"
SE. (2.86x104) (1.13x10°9) (1.95x1072)
TV-ARMAX,., vs TV-ARMAX,, Mean 1.28x10° 1.03x102" 1.93x10°3"
S.E. (4.67x107) (7.15x1079) (2.97x104)
Panel B: Developed Markets
SLMvs TV-ARMAX, Mean 1.74x103™" 6.62x10°3 4.15x102"
SE. (3.03x104) (8.74x1079) (3.38x1079)
VAR vs TV-ARMAX,, Mean 9.34x10°3" 5.72x102" 9.52x102""
S.E. (3.24Ex10°3) (1.45x102) (1.70x1072)
TV-VAR vs TV-ARMAX,, Mean 1.77x103"" 8.44x103 4.18x102"
SE. (5.54x104) (5.56x1079) (6.95x1079)
VARX vs TV-ARMAX,, Mean 1.74x10°3" 6.59x107%" 4.11x102""
S.E. (3.69x107%) (2.55x1079) (4.59x1079)
ARMAX vs TV-ARMAX Mean 1.73x103™ 6.82x1073"™ 4.10x102"
SE. (5.29x104) (1.45x1079) (6.67x1079)
TV-ARMAX,., vs TV-ARMAX,, Mean 1.15x10°¢™ 9.24x10°% 8.99x104"
S.E. (7.89x107) (5.13x1079) (4.17x107)
Panel C: Emerging Markets
SLMvs TV-ARMAX, Mean 3.34x1073™ 7.80x103 5.74x102™"
SE. (9.32x104) (1.18x107?) (6.52x1079)
VAR vs TV-ARMAX,, Mean 1.80x102" 7.76x10°2" 1.28x10°1"
S.E. (1.35x1079) (2.73x10?) (4.29x1072)
TV-VAR vs TV-ARMAX,, Mean 3.07x1073"™ 5.63x1073" 5.06x102"
SE. (3.78x104) (1.36x1079) (2.16x1072)
VARX vs TV-ARMAX,, Mean 3.31x107%" 7.53x108 5.23x102"
S.E. (1.33x1079) (1.43x10?) (2.30x1072)
ARMAX vs TV-ARMAX Mean 3.32x107%" 7.49x10°3 5.23x102™"
SE. (1.61x1079) (1.43x1072) (2.08x1072)
TV-ARMAX,., vs TV-ARMAX,, Mean 7.10x10°¢" 1.10x102% 1.82x103"
S.E. (1.87x1079) (9.33x1079) (1.25x104)

Note: This table tests the difference of prediction error between TV-ARMAXa and each of the other models. SLM is the simple linear model. VAR is vector auto-regression. TV-VAR is
VAR with time-varying coefficient. VARX is the VAR with exogenous variables, ARMAX is the ARMAX model, TV-ARMAXna is the time-varying ARMAX model with non-adaptive
method and TV-ARMAXa is the time-varying ARMAX model with adaptive method. The mean is cross-country average of the difference between two methods and S.E. is the stan-
dard error.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License
(CCBY-SA-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-sa/4.0 and legal code at https://cre-
ativecommons.org/licenses/by-sa/4.0/legalcode for more information.
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