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The European Systemic Risk Board (ESRB) recently issued
a recommendation on the use of early warning indicators in
macroprudential decisions involving the countercyclical cap-
ital buffer (Basel III framework). In addition to a primary
indicator, deviation in the credit-to-GDP ratio from long-term
trend, the ESRB advises the use of supplemental indicators to
measure private-sector credit developments and debt burden,
overvaluation of property prices, external imbalances, mispric-
ing of risk, and strength of bank balance sheets. Based on
empirical analysis of data for European Union countries, a
large assortment of potential indicators, and comprehensive
robustness checks, we propose specific suitable early warning
indicators for each of the six risk categories set forth by the
ESRB.

JEL Codes: G01, G28.

1. Introduction

The purpose of the countercyclical capital buffer proposed by
the Basel Committee on Banking Supervision (BCBS 2011) is to
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mitigate credit booms and related procyclicality in the financial sys-
tem. When there are signs of excessive credit growth and emerg-
ing vulnerabilities related to the credit cycle, the BCBS advises
monetary authorities to raise bank capital requirements. The buffer
requirement, which is intended to improve bank resilience against
future losses, may also slow credit growth as capital requirements
are adjusted to a higher level ] To properly time adjustments in the
countercyclical capital buffer level, policymakers must have some
certainty that they have correctly identified the emergence of cyclical
vulnerabilities.

The countercyclical capital buffer requirement was implemented
under the European Union’s (EU’s) 2013 Capital Requirements
Directived In determining appropriate buffer requirements, national
authorities are advised to follow the BCBS harmonized buffer guideﬁ
and the European Systemic Risk Board (ESRB) guidance and offi-
cial recommendationsﬁ as well as to take into consideration domestic
conditions relevant to cyclical vulnerabilities. The ESRB’s official
recommendation (ESRB 2014), based on the results of the empirical
study by Detken et al. (2014), instructs policymakers to use a set of
indicators that encompasses six risk categories: credit developments,
potential overvaluation of property prices, private-sector debt bur-
den, external imbalances, potential mispricing of risk, and strength
of bank balance sheets. Beyond that, however, there is little guidance
on the specific indicators to apply in each of these risk categories.
Given the tangible economic consequences of capital requirements

!There are not yet many empirical impact studies on the countercyclical cap-
ital buffer due to the limited amount of data on policy decisions. See Akinci and
Olmstead-Rumsey (2015), Cerutti, Claessens, and Laeven (2017), and Cerutti
et al. (2016) for some early empirical evidence.

2CRD IV 2013/36/EU.

3The buffer guide is based on the deviation of the ratio of credit to GDP
from its long-term trend calculated following the methodology of the BCBS with
a one-sided Hodrick-Prescott filter and smoothing parameter A = 400,000 (i.e.,
credit-to-GDP gap). When this trend gap is below (above) or equal to 2 percent
(10 percent), the buffer guide suggests a 0 percent (2.5 percent) countercycli-
cal capital buffer. Within the gap band, the countercyclical capital buffer would
depend linearly on the trend gap.

4Although characterized as recommendations, they are not taken lightly
by national policymakers. Compliance is monitored via an “act or explain”
mechanism.
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(Van den Heuvel 2008) and the economic impacts of such indica-
tors in decisionmaking, it would be valuable for policymakers to
have the clearest possible grasp of these state-of-the-art indicators
in each category before issuing a buffer rate decision.

This empirical work continues that of Detken et al. (2014) with
the aim of identifying informative warning indicators for the six risk
categories. Using an unbalanced quarterly panel of twenty-eight EU
countries for the period 1970 to 2012 as our data set, we consider
roughly fifty conceptually varied indicators from national accounts,
financial accounts, balance of payments, financial markets, and bank
balance sheets. When all transformations are included, the number
of considered indicators rises to nearly 400. Our indicator set brings
together indicators identified in earlier studies and examines them in
a consistent setup. We also include several theoretically motivated
indicators that, to our knowledge, have never been studied in this
context: the VIX index, the ratio of cross-border loans to GDP or
assets, the spread between high-yield and investment-grade corpo-
rate bonds, benchmark government bond yields, household interest
expense burden, and balance sheet indicators based on liquidity and
short-term funding.

Indicator performance is assessed with standard measures from
the early warning literature. We apply receiver operating character-
istic (ROC) and relative usefulness analyses, which are both based
on the relative numbers of type I (false positive) and type II (false
negative) errors of the warning signals. The indicators are examined
using most parsimonious non-parametric and parametric methods
full sample and out of sample in a large panel of countries. Different
crisis-prediction horizons and alternative financial crisis data sets
are considered.

This work contributes to the current policy discussion on the
EU legislative framework for countercyclical capital buffers. Due
to the huge diversity of possible indicators in the six risk cate-
gories, we are compelled to investigate simultaneously a set of indi-
cators larger than in any previous study. Our common evaluation
setup facilitates thorough robustness checks and equal treatment
of predictor performance that would otherwise be difficult to com-
pare among existing findings. While the earlier literature has shown
that combining multiple indicators into a composite indicator can
improve signaling power, we focus mainly on individual indicators
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in order to identify specific robust indicators for each prescribed
categoryﬁ

In line with the earlier literature (see the literature review in
section 2.2), we find that measures of credit developments, especially
those based on the credit-to-GDP ratio, are historically among the
best predictors of financial crises. We further note that measures of
private-sector debt burden and overvaluation of property prices (e.g.,
debt-service ratios and relative house prices) are highly useful. To
our best knowledge, this is also the first study to identify the VIX
index, the high-yield corporate bond spread, and benchmark gov-
ernment bond yields as useful indicators in this context. We report
evidence of statistically significant predictive power of many indica-
tors in the external imbalances, mispricing of risk, and bank balance
sheet categories, including the ratio of current account to GDP, the
ratio of cross-border loans to GDP, various measures based on stock
market prices, the leverage ratio, and the ratio of total bank assets
to GDP. Drawing on these findings, we recommend a practical set of
indicators that appear to be relatively good predictors of financial
crises and that meet the provisions of the ESRB recommendation.

The robustness checks with the alternative prediction horizons
reveal that the indicators have no unique ranking in terms of perfor-
mance. Instead, the predictors work optimally at different prediction
horizons, a feature that could be quite valuable in policy decisions.
Moreover, changing the crisis data set sometimes has a large impact
on evaluated performance, underscoring the challenge of predicting
financial crises without a clear definition of what constitutes a crisis.

The paper is organized as follows. Section 2 discusses the oper-
ationalization of the countercyclical capital buffer (2.1), along with
the early warning indicator literature and our list of potential indi-
cators to be considered in each of the ESRB’s proposed categories
(2.2). The data and empirical techniques are discussed in section
3, which presents the data sources and transformations (3.1-3.2),
and reviews the concepts of signal extraction (3.3) as well as ROC
analysis, usefulness measures, and the evaluation process (3.4-3.5).
Section 4 presents the main results and our recommended set of indi-
cators (4.1), results with alternative crisis-prediction horizons (4.2),

®Aikman et al. (2014) suggest that simple indicators often outperform more
complex alternatives when there is uncertainty.
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and alternative crisis data sets (4.3). Section 4.4 discusses various
frameworks on how indicators might be interpreted or embedded in
a monitoring framework. Section 5 concludes.

2. Early Warning Indicators Identified
in the Previous Literature

In this section, we review the ESRB recommendation on operational-
izing the countercyclical capital buffer and recent literature seeking a
similar goal to ours, i.e., identification of indicators to be considered
when setting the countercyclical capital buffer[d We next discuss,
based on empirical evidence presented in the literature or concep-
tual relevance, each indicator category and potential indicators to
be analyzed in the empirical part of this work.

2.1 Operationalizing the Countercyclical Capital Buffer

The ESRB recommendation (ESRB 2014) says that level adjust-
ments of the countercyclical capital buffer should be based primar-
ily on deviation of the private-sector credit-to-GDP ratio from its
long-term trend (credit-to-GDP gap). Indeed, a number of empiri-
cal studies support the view that the credit-to-GDP gap is the best
single indicator in predicting a banking crisis/1 However, as there
are potentially large uncertainties for the signals given by any single
indicator, the ESRB recommends that authorities base their deci-
sions on a wide set of information that captures the vulnerabilities
caused by excessive credit growth and note six categories of risk
usually associated with excessive credit growthﬁ

SKauko (2014) provides a comprehensive literature survey on early warning
indicators.

"See, e.g., Babecky et al. (2014), Behn et al. (2013), Bonfim and Mon-
teiro (2013), Detken et al. (2014), Drehmann, Borio, and Tsatsaronis (2011),
Drehmann et al. (2010), and Drehmann and Juselius (2014). For criticism, see,
e.g., Repullo and Saurina (2011).

8The ESRB recommendation has a seventh category of indicators that includes
indicators that combine information on the credit-to-GDP gap and indicators
from the six alternative indicator categories. We do not consider these seventh-
category indicators in our empirical analysis for two reasons. First, selection of
these indicators only occurs after the suitable indicators for the other six cat-
egories have been determined. Second, the ESRB recommendation provides no
guidance on calculation or public disclosure of seventh-category indicators.
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In addition to the credit-to-GDP gap, the recommendation calls
on authorities to monitor and publicly disclose at least one other
indicator per category to accompany a countercyclical capital buffer
adjustment. The six indicator categories are measures of

) credit developments,

) private-sector debt burden,

(iii) potential overvaluation of property prices,
(iv) external imbalances,

) potential mispricing of risk, and

) strength of bank balance sheets.

With respect to the actual indicators that describe these six cat-
egories, the ESRB only offers suggestions based on an empirical
analysis by Detken et al. (2014). It does not provide specific recom-
mendations, and thus leaves the decision on which specific indicators
to use to the national authorities.

2.2 The Literature and Candidate Indicators
for the Siz Categories

We provide an extensive survey table of early warning indicators
studied in earlier empirical works (see table 1). We make an attempt
to incorporate most of the published research articles and some rel-
evant unpublished works that evaluate early warning indicators of
banking crises using panel data. Studies that rely on data on a single
country are not included. Due to disparate approaches of the papers,
it is not possible to incorporate much detail or to do full justice to
earlier findings.

Within the voluminous literature of financial crises, there are sev-
eral recent studies that focus on identifying indicators for guiding
decisions on the countercyclical capital buffer.

In addition to the above-mentioned study of Detken et al. (2014),
Behn et al. (2013) evaluate a wide set of macrofinancial and banking-
sector indicators using data for EU member states. In addition to
domestic factors such as credit developments and equity and house
prices, they suggest that global variables on house prices and credit
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developments have good forecasting propertiesﬁ Importantly, their
multivariate approach provides superior crisis prediction relative to
the traditional univariate approach, i.e., policymakers are likely to
benefit from using a wide range of indicators in setting the counter-
cyclical buffer rate.

Following Behn et al. (2013), Anundsen, Gerdrup, and Hansen
(2014) propose a set of multivariate early warning models to guide
policymakers in adjustment of the countercyclical capital buffer.
They find that indicators on household credit developments pre-
dict crises better than those of non-financial corporations and that
global housing market imbalances may be useful in signaling a cri-
sis. They also propose a novel measure of housing and credit market
exuberance based on the time-series methods proposed by Phillips,
Shi, and Yu (2013).

Bonfim and Monteiro (2013) discuss suitable indicators for imple-
mentation of the countercyclical capital buffer. Their empirical
analysis of nine European countries suggests that policymakers need
to carefully monitor indicators on house and stock prices and credit
developments.

In addition, a number of authorities have published single-
country studies to justify their choice of indicators. Using Span-
ish data, Castro, Estrada, and Martinez (2014) analyze a group of
potential additional indicators. In their analysis of the United King-
dom, Giese et al. (2014) suggest several complementary indicators
for use alongside the credit-to-GDP gap.

In the following subsections, we continue this literature review
beyond the studies focused explicitly on application to countercycli-
cal capital buffer indicator and propose candidate indicators for each
of the six categories in the ESRB recommendation. Detailed data
definitions are provided in section 3.1.

2.2.1 Credit Developments

Credit growth is probably the most-analyzed indicator measuring
credit developments. It has been found to be a statistically significant

9They remind us that the success of these variables might at least partly be
explained by the global financial crisis, which causes a strong clustering of crisis
episodes in the data.



Vol. 14 No. 2 Evaluating Indicators for Use in Setting 63

predictor of banking crises in numerous studies (see, e.g., Schularick
and Taylor 2012 and the references in table 1).

Nevertheless, other potential indicators should not be ruled out.
For starters, we should consider the scope of credit indicators. Do
we define credit as total credit that incorporates all credit regard-
less of the creditor or just the credit provided by the banks? Do
we consider long-term growth rates such as three-year growth or
absolute changes in credit levels in lieu of yearly growth rates? Do we
acknowledge that private-sector, household, and non-financial cor-
poration credit growth may each possess different signaling power
with respect to an emerging banking crisis’

There are also indicators that are quite similar to the benchmark
indicator (credit-to-GDP gap calculated with a one-sided Hodrick-
Prescott (HP) filter) that may contain additional relevant informa-
tion helpful in predicting crises. For example, the credit-to-GDP
gap could be analyzed separately for households and non-financial
corporations. These indicators can be seen as augmenting credit-to-
GDP gap information with detailed information on what underlies
the primary indicator signal.

A well-known weakness of the credit-to-GDP gap is that it tends
to increase when GDP declines (Repullo and Saurina 2011). In a
slowing real economy, it may even be counterproductive to raise
buffers. Indeed, if credit growth has already come to a halt, higher
capital requirements could induce a large negative shock to the
economy. Kauko (2012a) proposes two credit development measures
that compare the one-year change in credit to the five-year moving
average of GDP. The first measure is

5L 5L 1
Xl,t = 1 - 5 )
21’:0 Y Zi:l Yi
where L; is the outstanding debt and Y; is the GDP in year t. The

second measure is such that the differencing is applied only to the
debt variable,

(1)

0For example, Anundsen, Gerdrup, and Hansen (2014), Biiyiikkarabacak and
Valev (2010), and Detken et al. (2014) all find that indicators of household
credit developments are better at predicting banking crises than indicators of
non-financial corporations.
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Kauko (2012a) argues that using a five-year moving average of
GDP instead of yearly GDP addresses the problem of large short-
term declines in GDP that hamper the use of the benchmark indi-
cator. Detken et al. (2014) confirm that the indicator in which the
credit change is divided by the one-year moving average of the GDP
is among the best indicators for describing credit developments that
foreshadow systemic financial crises.

For measuring credit developments, we consider the real credit
and credit-to-GDP ratios. In each case, we consider four definitions
of credit: total credit to non-financial private sector, total credit
to households, total credit to non-financial corporations, and bank
credit to private non-financial sector. Total credit includes loans
and debt securities, irrespective of the creditor sector as reported
in the financial accounts. Bank credit only includes credit where the
creditor belongs to the banking sector.

2.2.2 Private-Sector Debt Burden

Private-sector indebtedness is unsustainable when borrowers can
no longer meet their debt-servicing obligations. High private-sector
indebtedness generates credit risk for banks and may depress con-
sumption and investment throughout the economy. Indeed, both the
debt-to-income ratio and the debt-service ratio have been found use-
ful in signaling financial crises (e.g., Detken et al. 2014; Drehmann
and Juselius 2014; Giese et al. 2014) Adverse trends in the house-
hold debt burden may matter more for financial stability than
the debt burden trends of non-financial corporations. Detken et al.
(2014) conclude that the non-financial corporate debt-service ratio
has no predictive power for banking crises.

Public data sources do not typically provide data on debt-
servicing ratios[? Here, we use the data set collected for Detken et al.
(2014). We also construct proxy indicators of the interest expense

1 The debt-service ratio measures the interest rate and amortization costs of
the debt relative to income.

'2The Bank for International Settlements (BIS) recently began to post debt-
service ratio data on its website.
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burden without amortization costs. The constructed indicators are
relevant in countries where mortgages have floating rates that move
with market interest rates[] The first indicator is calculated by
multiplying the household credit-to-GDP ratio by the three-month
money market rate. The second indicator is calculated similarly, but
the ten-year government bond interest rate replaces the three-month
money market rate.

2.2.8 Potential Overvaluation of Property Prices

Variables related to developments in the real estate sector have been
found useful in predicting banking crises (e.g., Jorda, Schularick, and
Taylor 2015; see table 1). In particular, the combination of strong
credit growth and rising house prices has been identified as threaten-
ing to financial stability (Barrel et al. 2011; Behn et al. 2013; Borio
and Drehmann 2009; Jorda, Schularick, and Taylor 2015).

Credit and house prices tend to move hand-in-hand. House pur-
chases are typically financed with loans, and house value affects the
decision to grant a loan through the collateral process. Mortgages
also typically make up a large share of household and bank bal-
ance sheets, making both vulnerable to swings in housing prices.
In a downturn, the substantial losses to banks caused by defaults
on household mortgages and loans to construction companies may
be exacerbated by losses on other corporate lending caused by con-
tractions in output and consumption. Many banks use mortgages to
secure their own market-based funding, so a sharp negative correc-
tion in house prices may also increase costs of funding for troubled
banks.

The state of the housing market can be assessed by compar-
ing house prices with household income or housing rents. Relative
developments in house prices and income reflect the affordability
of housing from the buyer’s point of view, while the relationship
between housing prices and rents is conceptually identical to the
stock market price-to-earnings ratio. Detken et al. (2014) find that

13In Finland, for example, mortgage interest rates are typically tied to EURI-
BOR rates (plus a fixed spread). Prime rates of European banks also typically
track EURIBOR rates.
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relative house price measures perform better in crisis prediction than
other market- or real economy-based indicators.

For measuring potential overvaluation of property prices, we con-
sider real residential property prices, the residential property price-
to-rent ratio, the residential property price-to-income ratio, and
commercial real estate prices.

2.2.4 FExternal Imbalances

Indicators that measure excessive credit growth indirectly have been
found useful in predicting banking crises. It is well known that when
credit growth is much higher than GDP growth, domestic savings
are typically insufficient to finance the credit expansion and indebt-
edness is financed with foreign money. Excessive foreign borrowing
appears as a deficit in the current account. Many studies have found
a link between large external imbalances and the frequency of finan-
cial crises. For example, Laeven and Valencia (2008) found that out
of forty-one banking crisis around the world, thirty-nine countries
ran current account deficits in the year preceding the crisis. There are
also several studies that find a statistically significant relationship
between the current account deficit and the likelihood of a banking
crisis (see table 1). Joyce (2011) studies banking crises in emerg-
ing countries and concludes that an increase in foreign debt liabili-
ties contributes to an increase in the incidence of crises, but foreign
direct investment and portfolio equity liabilities have the opposite
effect.

It has been argued in the literature that money originating from
abroad, especially portfolio investment, provides a less stable credit
source than money from domestic providers. In other words, heavy
foreign borrowing may constitute a vulnerability to the financial
system. Kim and Wei (2002) suggest that part of this vulnerability
stems from the difficulties foreign investors have in evaluating risks
in another country. This low-information condition leads to herd-
ing behavior that may trigger panicked pull-outs if risks materialize.
Such investor flight may also drive up external imbalances (Kim and
Wei 2002).

A number of studies consider trade- and currency-related vari-
ables such as exports, terms of trade, and exchange rate overval-
uation, which are sometimes found to be statistically significant



Vol. 14 No. 2 Evaluating Indicators for Use in Setting 67

predictors (see table 1). We did not examine such variables in this
study in order to steer away from the currency crises literature,
which is beyond the scope of this paper.

Hence, we consider the current account deficit (ratio of current
account to GDP), capital account deficit, ratio of portfolio invest-
ments to GDP, and other investment-to-GDP ratios as indicators for
external imbalances. We also consider separately cross-border loans
in foreign currency and domestic currency (divided by GDP) coming
from abroad.

2.2.5 Potential Mispricing of Risk

Credit and asset price booms are typically associated with times of
positive economic developments. During long periods of good times,
agents may become oblivious to certain types of risk, which may
be reflected as banks loosening their credit standards or investors
demanding lower risk premia for risky securities.

In the securities markets, one might look for trends in the stock
and bond markets. Rapid price increases on the stock market or
high stock valuations (e.g., share prices relative to dividend yields,
i.e., price-earnings (P/E) ratios) or a rapid decrease in the required
risk premiums between safe and risky corporate bonds might reflect
increased risk appetite among investors that leads to a mispricing
of risk. Moreover, low levels of asset return volatility typically lead
to increased risk-taking, i.e., in times of low volatility, investors seek
out riskier assets to get the same returns as in times of higher volatil-
ity. The results of the previous literature on equity market indicators
are mixed. Some studies find a link between stock market trends and
banking crises, while others do not (see table 1).

As for the bond market, it is difficult to find sufficiently long
time series of country-specific corporate bond data. Since corporate
bond risk premiums have significant correlations across European
countries (Krylova 2016), however, it may be sufficient here to use
an international corporate bond risk premium for all countries['4

“Babecky et al. (2014) use the U.S. BAA corporate bond spread and find it
to be one of the best predictors of banking crisis within a nine- to twelve-quarter
horizon.
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Several studies suggest that global indicators such as global equity
price growth (Behn et al. 2013), global liquidity measures, or the
global credit gap (Alessi and Detken 2011) are useful in predicting
local crises.

A potential indicator that banks are mispricing risk may be seen
in changes in the interest rate margin banks require for loans to
households or corporations. A rapid drop in margins on new bank
loans could indicate that banks are mispricing risk, e.g., due to
increased competition. Risk-management tools of banks such as the
value-at-risk metric may also tolerate higher risk-taking in periods
of low volatility.

For measuring potential mispricing of risk, we consider the fol-
lowing indicators: local stock market index and local bank stock
index, stock market volatility, dividend yield, P/E ratio, price-to-
book (P/B) ratio, VIX index, high-yield corporate bond risk premi-
ums, long- and short-term interest rates of two major economies (the
United States and Germany), lending margin of household loans, and
lending margin of corporate loans.

2.2.6 Strength of Bank Balance Sheets

Although it is quite clear that the causes of a banking crisis are at
least partly manifested in vulnerabilities in bank balance sheets, the
identification of reliable warning indicators contained in bank bal-
ance sheets is rare (see table 1). This likely relates to data issues.
Bank aggregate balance sheets tend to be short and published on a
yearly basis. They may also contain structural breaks due to changes
in the banking industry and accounting standards.

Detken et al. (2014) consider and reject the leverage ratio as a
predictor for systemic banking crises, as it lacks predictive power.
Behn et al. (2013) find that higher aggregate banking-sector capi-
talization decreases the probability of banking crisis, while higher
banking-sector profits may lead to excessive risk-taking and tend to
precede banking crises.

There is some empirical evidence that the indicators of a bank’s
funding structure might work as predictors. Bank funding can be
divided into core liabilities (stable deposits) and non-core liabili-
ties (e.g., unstable short-term wholesale funding). During periods of
rapid lending growth, banks may finance their increased lending with
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market funding. While deposit guarantee schemes have generally
made traditional bank deposit runs extremely rare, market-based
funding can face a bank run if the bank’s prospects deteriorate.
Hence, a higher share of more unstable market funding makes banks
more vulnerable. Kamin and DeMarco (2012) and Laina, Nyholm,
and Sarlin (2015) note evidence that a larger share of deposit fund-
ing has a stabilizing effect for the financial system. Betz et al. (2013)
and Hahm, Shin, and Shin (2013), similarly, show that a high share
of non-core liabilities is a good predictor of an impending banking
crisis.

For measuring the strength of the bank balance sheet, we con-
sider the following indicators: ratio of total assets to GDP, leverage
ratio, loans-to-deposits ratio, ratio of non-core liabilities to total
assets or GDP, (short-term liabilities — liquid assets)/total assets,
and short-term liabilities/liquid assets.

3. Empirical Analysis

3.1 Indicator Data and Transformations

We compile quarterly indicator data from central banks, interna-
tional organizations, and commercial data sources. Table 2 provides
the full list of the examined indicators together with definitions, and
data sources.

The unbalanced panel data cover twenty-eight EU member states
for the period 1970 to 2012. The length and availability of eco-
nomic time series still varies across EU countries (e.g., available
data are scarce for new EU member states). Table 3 shows the
descriptive statistics, where the number of countries, number of
observations, and number of financial crises is highlighted for each
indicator.

We consider various transformations of indicators such as dif-
ferences, growth rates, and trend gaps for each indicator. This is
because the indicator as such may be non-stationary—an undesir-
able feature for a good indicator. Indeed, Kauko, Vauhkonen, and
Topi (2014) argue that if an indicator lacks an equilibrium level to
which it tends to return, interpretation of the indicator becomes
a non-trivial task. In any case, the application of transformations
solves potential non-stationarity problems.
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The simplest transformations are the growth and difference. n-
year growth is calculated as

1005t —Tezan (3)
Ti—dn

n-year difference is calculated as
Tt — Tt—An- (4)

We simply apply the rates of growth and differences n = 1
(year) and n = 3 (years) that correspond to typical choices used by
practitioners when monitoring macroeconomic and financial devel-
opments. Why do we consider both differences and rates of growth?
Note that in the panel setup, the level values of some indicators
(such as house price index or real credit stock) may not lead to an
economically sensible model. In such cases, it is more appropriate to
use relative measures such as rates of growth and relative trend gap
(defined below).

Additionally, we consider four alternative trend gaps. Two alter-
native trend gaps utilize the trend calculated with a one-sided HP fil-
ter with smoothing parameter A = 400,000. “One-sided” here means
that the trend at time ¢ is calculated using only values up to time
t. Once the trend component is estimated, we form the trend gap
(denoted trend gap in the tables) as

Ty — trend;, (5)

and the relative trend gap (denoted relative gap) as

Lt
1 -1
00 (trendt > ’ (©)

respectively. Because the one-sided trend makes little sense for the
first few observations of the time series, the trend gaps are calcu-
lated only after the time series has five years of historical data.
Hence, the trend-gap-transformed indicators have somewhat lower
number of observations than the original series. Finally, we consider
two more alternative definitions of the trend. First, a trend that is
the historical average of the original indicator x; is calculated as

t

Ts
average, = Z PE—— (7)

S=t0
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Second, a trend that is the five-year moving average of the orig-
inal indicator x; is calculated as

19

Tt—s
5y ma; = Z ;0 . (8)
s=0

The corresponding trend gaps are denoted ave. gap, calculated
as

Ty — average, 9)
and 5y M.A. gap, calculated as
and x; — by may. (10)

As with the one-sided HP-filtered trends, these trend gaps are
only calculated after five years of historical data are available.

3.2 Banking Crisis Variable

Our main results are reported for the systemic financial crisis vari-
able published by Detken et al. (2014). At the time of writing, this
was the most recent available financial crisis database. As our work
extends that of Detken et al. (2014), their crisis data set (hence-
forth labeled Detken’s) is a natural starting point. However, a vari-
ety of banking crisis data sets are provided in the earlier literature,
with Babecky et al. (2014) and Laeven and Valencia (2012) among
the newest (henceforth labeled Babecky’s and Laeven’s crisis data
sets)

The data sets use different definitions as to what constitutes a
banking crisis. Therefore, table 4 lays out these alternative crisis
definitions. Detken’s data set, which is based on Babecky’s data set,
includes numerous modifications to align crisis episodes with poli-
cymakers’ objectives. Crises that were not systemic banking crises
or not associated with a domestic credit cycle are excluded, while

5Table 1 shows the crisis data sets used in some earlier studies. In addition to
Babecky’s, Detken’s, and Laeven’s crisis data sets, crisis dating of, e.g., Caprio
and Klingebiel (1996), Demirgii¢-Kunt and Detragiache (1998), Lindgren, Garcia,
and Saal (1996), and Reinhart and Rogoff (2009) have been used.
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Table 4. Information about Alternative Banking Crisis
Data Sets: Banking Crisis Definitions

Label Source Banking Crisis Definition
Babecky’s | Babecky et al. They collect information about crisis
(2014) occurrence from ten influential

papers. They validate the coding of
crises with the help of a
comprehensive survey among
country experts.

Detken’s | Detken et al. They amend Babecky’s data set with
(2014) the following changes: Non-systemic
banking crises and crises not
associated with the credit cycle are
excluded. “Would-be crises” (i.e.,
periods where domestic
developments related to the credit
cycle could have caused a systemic
banking crisis had it not been for
policy action or an external event
that dampened the financial cycle)

are added.
Laeven’s | Laeven and A banking crisis is defined as systemic
Valencia (2012) if two conditions are met: (i)

significant signs of financial distress
in the banking system (as indicated
by significant bank runs, losses in
the banking system, and/or bank
liquidations) and (ii) significant
banking policy intervention
measures in response to significant
losses in the banking system.

periods where domestic developments related to the credit cycle that
likely would have led to a systemic banking crisis in the absence of
policy intervention or an external event that dampened the credit
cycle are added.

As the differences can be quite significant, we consider the three
separate crisis data sets, and provide a summary of our key findings
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with each alternative crisis data set [[§ The crisis periods for the three
financial crisis data sets considered in this work are summarized in

table 5.

3.8  Extracting Early Warning Signals

We follow a common approach to extracting warning signals from
early warning indicators—the signaling approach. Basically, it is a
non-parametric model suitable for single-variable warning indica-
tors (Alessi and Detken 2011; Borio and Drehmann 2009; Borio and
Lowe 2002; Drehmann, Borio, and Tsatsaronis 2011; Drehmann et al.
2010). The earlier literature considers other approaches to extract
early warning signals, such as the discrete choice model (Barrell et al.
2010; Behn at al. 2013; Davis and Karim 2008; Demirgii¢-Kunt and
Detragiache 2000; Frankel and Rose 1996; Hardy and Pazarbasioglu
1998; Lo Duca and Peltonen 2013; and Lund-Jensen 2012), deci-
sion trees, and machine-learning techniques (Holopainen and Sarlin
2015). For our work, the primary advantages of the signaling method
are its transparency and ease of interpretation relative to the other,
more complex techniques. It helps us keep the focus on identifying
informative indicators rather than useful methods.

The idea of the signaling approach is simple. Below or above
some signaling threshold, a warning signal of increased vulnerabil-
ity is issued when that threshold is crossed. For example, a warning
signal might be issued if one-year growth in real household credit
exceeds 6 percent.

The rationale for specifying the thresholds is closely related to
the performance evaluation of the warning indicators. If the thresh-
old is too insensitive, so that it rarely gives alarms, the number
of false alarms is likely to be low, but the indicator may also fail
to warn on the cusp of most crises. Conversely, if the threshold is
overly sensitive, false alarms are frequent, but few crises are missed.

3.4 Fvaluating Farly Warning Indicators

We use two early warning indicator evaluation statistics—area under
the receiver operating characteristic (ROC) curve (this area is

16The full set of results calculated with alternative data sets is available from
the authors on request.
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Table 5. Information about Alternative Banking
Crisis Data Sets: Crisis Periods in EU Countries
for Different Data Sets

Country Babecky’s Detken’s Laeven’s
Austria 2008:Q1-2008:Q4 2008:M9-2010
Belgium 2008:Q1-2008:Q4 2008:M9-2010
Bulgaria 1971:Q1-1971:Q2

1994:Q1-1997:Q4 1995:Q2-1997:Q4 1996:M1-1997

2004:Q4-2007:Q2*

Croatia 1998:Q1-2000:Q2 1998:M3-1999
Cyprus 2012:Q2-2012:Q4

Czech Republic
Denmark
Estonia

Finland
France

Germany

Greece
Hungary
Ireland
Ttaly
Latvia
Lithuania

Luxembourg
Netherlands

Poland
Portugal

Romania

1991:Q1-1991:Q4
1994:Q1-2000:Q4
1987:Q1-1993:Q4
2008:Q1-2010:Q4
1992:Q1-1995:Q4
1998:Q1-1998:Q4
1991:Q1-1995:Q4
1994:Q1-1995:Q4
2008:Q1-2009:Q4
1974:Q2-1974:Q4
1977:Q1-1979:Q4

2008:Q1-2008:Q4
1991:Q1-1995:Q4
2008:Q1-2010:Q4
1991:Q1-1995:Q4
2008:Q1-2009:Q2
1985:Q1-1985:Q1
2007:Q1-2010:Q4
1990:Q1-1995:Q4

1995:Q1-2003:Q4
2008:Q1-2008:Q4
1995:Q1-1996:Q4
2009:Q1-2009:Q4
2008:Q1-2010:Q4

2008:Q1-2008:Q4
1991:Q1-1994:Q4

2008:Q1-2008:Q4
1990:Q1-1999: Q4

1998:Q1-2002:Q2
1987:Q1-1993:Q4
2008:Q3-2012:Q4

1998:Q2-1998:Q4
1991:Q3-1995:Q4

1993:Q3-1995:Q4
2008:Q3-2012:Q4

2000:Q1-2003:Q4

2008:Q1-2012:Q4
2008:Q3-2012:Q4
2008:Q3-2012:Q4

1994:Q1-1995:Q4

2008:Q4-2010:Q3
1995:Q1-1996:Q4
2008:Q4-2010:Q4

2002:Q1-2003:Q4*
2008:Q3-2012:Q4

1999:Q1-2000:Q1*
2008:Q4-2012:Q4

1997:Q2-1999:Q1

1996:M6-2000

2008:M9-2010
1992:M11-1994

1991:M9-1995

2008:M9-2010

2008:M9-2010

2008:M8-2010
1991:M9-1995
2008:M9-2010

2008:M9-2010
2008:M9-2010
1995:M4-1996
2008:M9-2010
1995:M12-1996
2008:M9-2010

2008:M9-2010
1992-94

2008:M9-2010
1990-92

(continued)
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Table 5. (Continued)

Country Babecky’s Detken’s Laeven’s

Slovak Republic | 1991:Q1-2002:Q4 19982002

Slovenia, 1992:Q1-1994:Q4 1992:Q1-1994:Q4 1992-92
2008:Q1-2008:QQ4 2008:Q1-2012:Q4 2008:M9-2010

Spain 1977:Q1-1985:Q4 1978:Q1-1985:Q3 1977-81
2008:Q1-2008:QQ4 2009:Q2-2012:Q4 2008:M9-2010

Sweden 1990:Q3-1995:Q4 1990:Q3-1993:Q4 1991:M9-1995

United Kingdom

2008:Q1-2008:Q4
1974:Q1-1976:Q4
1984:Q1-1984:Q4
1991:Q1-1995:Q4
2007:Q1-2007:Q4

2008:Q3-2010:Q4
1973:Q4-1975:Q4

1990:Q3-1994:Q2
2007:Q3-2012:Q4

2008:M9-2010

2007:M9-2010

Note: For Detken’s data set, the three events marked by * are not actual realized crises
but domestic developments related to the credit cycle that could well have caused a sys-
temic banking crisis had it not been for policy action or an external event that dampened
the credit cycle.

henceforth denoted AUC) and relative usefulness (U,.). Both eval-
uation statistics have been quite popular in recent banking crisis
early warning literature '] We provide only a short introduction to
the methods, as detailed expositions of the measures are available
elsewhere[[§

Both AUC and relative usefulness consider the relative amounts
of type I and type II errors produced by the early warning indica-
tor (see figure 1A). The measures can be applied more generally to
any situation where there is a trade-off between type I and type II
errors. In our case, a type I error (false positive) corresponds to a
false alarm, i.e., the indicator issues an early warning signal, but
no crisis follows within the specified prediction horizon. A type 11

'"AUC is used in, e.g., Bonfim and Monteiro (2013), Buchholst and Rangvid
(2013), Comelli (2014), and Drehmann and Juselius (2014). Both statistics are
applied in Behn et al. (2013), Betz et al. (2013), and Detken et al. (2014). Rela-
tive usefulness is found in Alessi and Detken (2011), Babecky et al. (2014), Laina,
Nyholm, and Sarlin (2015), and Lo Duca and Peltonen (2013).

'8See, e.g., Drehmann and Juselius (2014) and Sarlin (2013) for AUC and
usefulness, respectively.
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Figure 1. Correspondence of the Generic Confusion
Matrix with the Early Warning Exercise

A. Generic Confusion Matrix

True condition

Condition positive Condition negative
Predicted ..
.. .. False positive
condition True positive (Type 1 )
. . ype I error
Predicted positive
condition * X
PredllcFed False negative True necative
g ivi
condlt}on (Type 1II error) B
negative

B. Confusion Matrix for the Early Warning Exercise

True condition
Crisis No crisis

Signal Correct alarm (A) False alarm (B)
Predicted
condition

No signal Missed crisis (C) |Correctly no alarm (D)

error (false negative) corresponds to a missed crisis, i.e., the indi-
cator does not give a signal, but a banking crisis occurs within the
specified prediction horizon.

Figure 2A illustrates the tradeoff between false alarms and
missed crises for the total credit-to-GDP trend gap indicator. If the
signaling threshold is below the trend gap of 0 percent, there will
be no missed crises, but the number of false alarms will be quite
high. In contrast, if the threshold is above the trend gap of 20 per-
cent, the share of missed crises is quite high, but the false alarm
rate is very low. Thus, the policy-relevant threshold likely lies some-
where between 0 and 20 percent (the actual BCBS benchmark buffer
guide applied in the EU legislation has triggers in the range of 2 to
10 percent of the trend gap).

In specifying the horizon for crisis prediction, we follow the con-
ventions in Detken et al. (2014) and set the crisis-prediction horizon
to three years. If the time to crisis is less than a year, the policy-
maker lacks sufficient lead time to react. Hence, we do not include
in the evaluation observations that take place when the distance to
the banking crisis is less than one year. A publication lag of one
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Figure 2. False Alarms and Missed Crises for Different

Signaling Thresholds, ROC Curve, and Relative

Usefulness for Different Signaling Thresholds
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quarter is applied to all indicators. As a robustness check and to
gain further insight on the lead-lag structure of different indicators,
i.e., when different indicators are expected to give signals, we also

consider prediction horizons from six months to five years.

The ROC curve is the visual curve that shows the tradeoff
between type I and type II errors. This is illustrated for the credit-
to-GDP gap indicator in figure 2B. For a given rate of type I errors
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on the horizontal axis (false alarms), it would be desirable for the
rate of correct alarms (vertical axis) to be as close to 1 as possible.
Broadly speaking, the larger the area under the ROC curve (AUC),
the better the indicator. For a completely uninformative indicator,
AUC = 0.5, while for a perfect indicator AUC = 1. Thus, to be an
informative indicator, we need AUC > 0.5. In our credit-to-GDP
gap example, AUC = 0.82 would make it a very good indicator in
this context.

The relative usefulness statistic uses a loss function that accounts
for type I and type II errors. The weights of the loss function reflect
the presumed preferences for the errors. The methodology goes
back to the policy loss functions of Bussiere and Fratzscher (2008)
and Demirgiic-Kunt and Detragiache (2000), and the usefulness
measure proposed by Alessi and Detken (2011) and later supple-
mented by Sarlin (2013).

The loss function of Alessi and Detken (2011) is defined as
follows:

C

L 0) = 0T: 1-0)T) =0——
ap (0) 5+ ( )T 110

+(1-90) (11)

B+ D’

where the right-hand side is a weighted average of type I and type
II error rates, 17 and T5, respectively The correspondence of the
right-hand-side alphabetic letters with the generic confusion matrix
is illustrated in figure 1B. A is the number of periods in which an
indicator provides a correct signal (crisis starts within one to three
years of issuing the signal), and B is the number of periods in which
a wrong signal is issued. C is the number of periods in which a
signal is not provided although the crisis is starting within a reason-
able number of periods (one to three years). At last, D denotes the
number of periods in which correctly no signal is provided. In other
words, A = TP, number of true positives; B = FP, number of false
positives; C' = FN, number of false negatives; and D = TN, number

1n the formula, the order of T7 and 715 differs from some of the earlier liter-
ature. It is just a matter of convention for forming the null hypothesis. Type I
error (or false positive) is the incorrect rejection of a true null hypothesis Hy. We
set the Hp: “no crisis within the next three years” so that a false positive means
a false alarm. Type II error (false negative) is incorrectly retaining a false null
hypothesis so that in our case false negative means failure to detect a crisis.
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of true negatives. 6 is the parameter revealing the policymaker’s rel-
ative risk aversion to type I and type II errors. A higher parameter
value € means that the policymaker is more averse to missing a crisis
than getting a false alarm.

Sarlin (2013) augments the loss function with the unconditional
crisis probability such that

Ls (1) = pPTs + (1 — ) (1— P) Ty, (12)
where P = % is the unconditional crisis probability as esti-

mated from the sample. The advantage of the augmented loss func-
tion is that it is explicit with respect to the relative frequency of
situations when type I or type II errors can occur. Yet, for each p
there exists 6 such that the two alternative loss functions lead to
equivalent policies.

For either loss function, the relative usefulness statistics is
defined as

Ur= ’ (13)

where for Alessi and Detken (2011) w = min(d,1 — 6) and for
Sarlin (2013) w = min(uP,1 — pP). The normalization parameter
« ensures that the maximum value of relative usefulness is 1, i.e.
a perfect warning indicator. In theory, any indicator is useful to a
policymaker if its usefulness is larger than 0 (the higher the better),
and useless if usefulness is less than 0 (all useless indicators are
equally useless). In practice, indicators with low positive usefulness
would likely be ignored by a policymaker with access to more useful
indicators.

We set 6 = 0.5 as the point at which the policymaker is indif-
ferent to type I and type II errors. In our data the probability of
crisis is P = 0.1, so our choice of 6 is equivalent to our choice of
i = 0.9. Whether these are the correct values for p or 6 is up to
the policymaker’s actual preferences. In any case, both parameter
values are close to those previously used in the literature@

20Babecky et al. (2014) and Lo Duca and Peltonen (2013) both use 6 = 0.5.
For example, Detken et al. (2014) use § = 0.5/0.6/0.7. Behn et al. (2013) use
p = 0.9 and Betz et al. also use p = 0.9 as the benchmark case.
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Figure 2C illustrates the relative usefulness for credit-to-GDP
gap for different signaling thresholds. As expected from previous dis-
cussion, the credit-to-GDP gap indicator is most useful for signaling
thresholds between 0 percent and 20 percent. Following the curve
from left to right, usefulness initially increases as the rate of false
alarms goes down rapidly, while the rate of missed crises increases
at a relatively slow pace (see figure 2A). At the peak of the useful-
ness curve, the rate of change of false alarms is exactly opposite to
the rate of change of missed crises. From this point onwards, useful-
ness starts to decrease as the improvement in false alarms no longer
offsets the increase in the missed crisis rate.

Note that it is possible in principle that both high and low indi-
cator values might signal increased vulnerability. This turned out
not to be much of an issue for the indicators considered in this
paper, however 21 Hence, we report the evaluation results for each
indicator using the single directionality, which is based on economic
reasoning and earlier literature discussed in section 2.2. The hypoth-
esized directionality is indicated for each indicator together with the
evaluation results. If the observed data goes against the hypothesized
direction, the resulting usefulness values are expected to be low or
negative and the AUC statistic below 0.5. Additionally, the tables
in an online appendix (available at http://www.ijcb.org) report the
statistical significance for the logit model coefficient 3; for the model

Pr(precrisis = 1) = F(fBy + frindicator), (14)

where F'(z) = e*/(1+¢€?) is the cumulative logistic distribution, and
the binary dependent variable is 1 for the pre-crisis quarters (one to
three years before onset of crisis) and for the normal quarters (more
than three years before crisis)!*q As is evident in the tables in the
online appendix, with rare exceptions the logit coefficient either has
the hypothesized sign or is not statistically significant.

211We initially evaluated the usefulness of each indicator in both directions—the
direction hypothesized based on economic reasoning, and the opposite direction.
Generally the opposite direction was not useful, but in a handful of cases the
opposite direction was more useful than the hypothesized direction. These cases
were the weakly performing indicators 4.1.4., 4.2.4., 4.3.4., 5.4.2., and 5.4.4.

2ZNote that late pre-crisis quarters (less than one year before crisis) and crisis
quarters are excluded from all the evaluations because we are looking for early
warning signals.
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3.5  Full-Sample and Out-of-Sample Fvaluation

We perform two types of performance evaluations for the
indicators—full-sample and out-of-sample evaluation—following an
approach which is by now common in the literature (see, e.g.,
Holopainen and Sarlin 2015). In our full-sample evaluation, the data
extend from 1970 to 2012. While we have the data after 2012, it
is excluded because our crisis-prediction horizon extends to three
years, so we cannot say if signals after 2012 are correct or wrong. In
the full-sample evaluation, the policymaker’s choices are based on
the same signaling threshold throughout all time periods. The full-
sample usefulness statistics are then based on this threshold. The
AUC measure is only reported for the full sample, as the methodol-
ogy does not naturally accommodate a changing threshold.

For the relative usefulness metric, we also perform an out-of-
sample evaluation. The out-of-sample evaluation is a recursive sim-
ulation for the period 2000 to 2012. In 2000:Q1, the policymaker uses
information about a crisis data set for the periods 1970:Q1-1999:Q4
and about the previous indicator values. Because the policymaker
does not yet know whether 1997:Q1-1999:Q4 are tranquil or pre-
crisis periods, only the data within the period 1970:Q1-1996:Q4 are
usable. The policymaker determines what is the optimal signaling
threshold based on this history (and the policy parameter 6 = 0.5).
This, combined with the indicator value for 2000:Q1, determines
whether or not there is a warning signal in 2000:Q1. The signal
is compared with the ex post information about 2000:Q1, and we
record a true positive, false positive, true negative, or false nega-
tive. The same procedure is repeated for the next quarter 2000:Q2
(i.e., the signaling threshold now depends on the data for 1970:Q1—
1997:Q1), and so on. This process continues until we reach 2012:Q4,
our last evaluated quarter. The resulting out-of-sample relative use-
fulness is denoted U, ,.

4. Results of the Empirical Analysis

4.1 The Set of Recommended Indicators

Recall that our objective is to identify a set of indicators that satisfies
the criteria of high information content, simplicity, and robustness,
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and that we seek indicators relevant to each of the ESRB’s six risk
categories (credit developments, private-sector debt burden, over-
valuation of property prices, external imbalances, mispricing of risk,
and strength of bank balance sheets). The main result of the paper,
of course, is the indicator set we present in table 6. The AUC and
relative usefulness measures in table 6 are based on Detken’s cri-
sis data set with the crisis-prediction horizon set to one to three
years. In subsequent subsections, we discuss how our results change
as the prediction horizon or crisis definition is altered. The detailed
performance numbers for the full set of indicators and transforma-
tion are available in the online appendix (tables A1-A7). Below we
summarize the main findings from table 6 for each risk category
(blocks 1-6).

4.1.1  Credit Developments

In line with findings of previous literature, we find that the ratio
of credit to GDP (1.5.5.) tends to be more informative than credit
alone (1.1.1.); see the first block in table 6. The result remains intact
regardless of the definition of credit used. Alternative definitions
include total private-sector credit (which includes, e.g., bank credit
and market-based funding), total bank credit to private sector, total
credit to households, and total credit to non-financial corporations.
The benchmark indicator proposed by the Basel Committee, the
total credit-to-GDP trend gap (1.5.5.) calculated using the broadest
definition of credit, is clearly among the top-performing indicators
in this category. However, various alternative transformations and
credit concepts are found to be at least as informative. Using total
bank credit to private sector or total credit to households in the
numerator (1.6.5., 1.7.5.) generally leads to a slightly better AUC
and higher full-sample and out-of-sample relative usefulness than the
benchmark indicator. In contrast, calculating the trend gap using the
prescribed HP filter does not seem to lead to improvement over the
more practical transformations such as three-year difference or devi-
ation from the five-year moving average (see table Al in the online
appendix for detailed results for the alternative transformations).
The indicators proposed by Kauko (2012a) that relate credit to a

23Recall from section 3.2 our labeling of banking crisis data sets.
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moving average of GDP perform very well. For space reasons, we
only include the first version of the indicator (i.e., version that takes
the ratio first, then the difference, KKj, e.g., 1.5.8.). Even if the
real credit growth rates (any definition of credit) and the corporate
credit-to-GDP gap (1.8.5.) appear historically to be slightly worse
predictors than other credit-to-GDP gaps, the authorities might ben-
efit from using a broad range of credit development indicators such
as those included in the table.

4.1.2  Private-Sector Debt Burden

Ratios that measure debt-servicing expenses relative to income are
highly informative predictors of financial crises; see the second block
in table 6. Furthermore, they are informative regardless of whether
restricted to household or corporate debt-servicing costs. Our results
indicate that authorities should make a special effort to monitor
yearly changes in the debt-service ratio (2.1.1.). The approximations
for interest rate burden (2.4., 2.4.2., 2.5., 2.5.2.), while informative,
have slightly lower full-sample performance than the debt-service
ratios. The difference disappears in the out-of-sample analysis.

4.1.8 Potential Overvaluation of Property Price

While all the indicators in this category are informative, the ratio
of house price to rent (3.2.%) and the ratio of house price to income
(3.3.%) generally outperform real house prices alone (3.1.2.); see the
third block in table 6. Relating the house price to income rather
than to rents apparently produces better signaling quality for the
predictor. In both cases, the deviation from the long-term average
and three-year differences were the highest-performing transforma-
tions. We also find evidence that growth in deflated commercial real
estate prices (3.4.1.) increases the risk of a financial crisis.

4.1.4 External Imbalances

We find the ratio of current account to GDP (4.1) to be robust in
full sample and out of sample; see the fourth block in table 6. Its
deviation from the long-term average (4.1.8.) emerged as the most
informative transformation. None of the other accounts in the bal-
ance of payments is particularly informative even full sample (details
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are available in table A4 in the online appendix). Changes in domes-
tic and foreign currency cross-border loans-to-GDP ratios (4.5.2.,
4.6.2.) are useful in the full sample and sometimes out of sample,
but they still failed to produce statistically significant AUC with
Detken’s crisis data set. They perform better, however, with the
alternative crisis data sets (see table 9). Given the paucity of indi-
cators for external imbalances, we conclude that these cross-border
loan ratios are worth monitoring.

4.1.5 Mispricing of Risk

Stock market volatility (5.1.) and growth in domestic stock price
indexes (5.2.1., 5.2.2.) are informative predictors of risk of finan-
cial crises; see the fifth block in table 6. As global stock markets
are highly interconnected, it is hardly surprising that the VIX index
(5.9.) performs as well as or better than domestic stock market-based
measures. We also find evidence of low (and subsequently increas-
ing) interest rates (5.15.*, 5.16.*) and pricing of credit risk as an
indicator of heightened risk of crisis. The lower spread between Euro-
pean high-yield and investment-grade corporate bonds (5.10.) shows
very good performance in the full sample and out of sample, even
when compared with the indicators in the credit developments cate-
gory. Finally, both full-sample and out-of-sample metrics give some
support to the predictive ability of lower household and corporate
borrowing rate spreads. However, their usefulness values are quite
low. For the high-yield spread, it is the lower value of interest rate
spread that signals the risk. We also find that a rise in short-term
U.S. interest rates (e.g., one-month and one-year maturities) signals
increased vulnerability with high performance in the full sample and
out of sample. These findings help explain why financial crises tend
to cluster in time and affect multiple countries simultaneously.

4.1.6 Strength of Bank Balance Sheets

As noted above, the data series for bank balance sheets are gener-
ally quite short compared with our other indicator categories. We
find that the leverage ratio (6.1.*) and the total assets-to-GDP ratio
(6.3.%) are the only two indicators that have relatively robust per-
formance both in the full sample and out of sample; see the last
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block in table 6. Using the leverage ratio in countercyclical capital
buffer decisions could, however, prove problematic. We see that in
the most recent financial crisis, banks built up excessive leverage
while maintaining risk-based capital ratios. As a result, Basel III
introduces a minimum requirement for bank leverage ratios to be
implemented on January 1, 2017. Hence, it may be superfluous to
use the current capital positions of banks in deciding whether banks
need more capital or not. Also, due to the changes in the legisla-
tion, it is likely that this indicator will not work as well as it does
here in the future. Regarding other bank balance sheet measures, we
find evidence in the full sample that a large net short-term liabilities
ratio large non-core-liabilities, and a large loans-to-deposits ratio
signal increased risk of a financial crisis (see table A7 in the online
appendix for details). None of these findings, however, extend to the
out-of-sample evaluation (possibly due to short length of the data
series).

As a general remark regarding the relationship among the perfor-
mance measures in table 6, the observed AUC and relative usefulness
have very high correlation (0.97). The out-of-sample relative useful-
ness has somewhat higher correlation with the full-sample relative
usefulness (0.41) than with the AUC (0.29).

4.2 Robustness to Alternative Prediction Horizons

We now consider whether the choice of prediction horizon affects
the quality of indicator warning signal. For example, some indica-
tors might signal a banking crisis only six months before the onset of
the crisis, while other indicators could be informative at longer pre-
diction horizons. We follow the approach of Drehmann and Juselius
(2014) and investigate the signaling quality when the prediction
horizon is fixed at lengths extending from six months to five years.
Similar to Drehmann and Juselius (2014), we focus here only on
the AUC statistics because, as noted earlier, they are highly corre-
lated with the relative usefulness statistics. Drehmann and Juselius

24Recall from table 1 that Net ST liabilities ratio = (Short-term liabilities —
Liquid assets) / Total assets.
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(2014) impose two additional stability conditions on policy-relevant
indicators:

e interpretation of the signal should not reverse during the
policy-relevant horizon and

e signaling quality should improve as the forecast horizon
shortens.

Table 7 shows the AUC statistics at different prediction horizons
for the recommended set of indicators introduced in the preceding
subsection. We also highlight the interpretation of each indicator
with a (4) sign if higher values of the indicator signal the crisis, and
with a (—) sign if lower values of the indicator signal the crisis.

The recommended indicators generally satisfy the stability crite-
ria of Drehmann and Juselius (2014) at the policy-relevant horizon,
and most indicators become more informative as the crisis nears; see
table 7. Two exceptions are the cross-border loans indicators (4.5.2.,
4.6.2.) and the leverage ratio indicator (6.1.1.-6.1.2.). If the relevant
policy horizon extends beyond three years, the cross-border loans
indicators fail the first condition, as they have a reverse interpre-
tation or are not informative at horizons longer than three years.
The leverage ratio fulfills the first condition but fails to meet the
second condition, as its signaling quality does not improve when the
forecast horizon shortens. As noted by Behn et al. (2013), it may
be that banks tend to be highly profitable in the years immediately
preceding a financial crisis.

Indicators based on the credit-to-GDP ratio appear to signal
crises from up to three and even five years; see the first block in
table 7. Like other indicators with GDP in the denominator (e.g.,
current account to GDP, 4.1., and total assets to GDP, 6.3.1.), they
are particularly informative in the late pre-crisis period (one or two
quarters before the crisis); see the first, second, fourth, and sixth
block in table 7. This is because a slowdown in GDP growth often
precedes (and certainly follows) a financial crisis. Unfortunately, at

?*Tn Drehmann and Juselius (2014), the relevant horizon for policy considera-
tions is more than a year and less than five years. However, we assume the upper
limit for countercyclical capital buffer considerations is only three years, as in
Detken et al. (2014).
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that point it is likely too late for the policymaker to increase the
countercyclical buffer without risking doing more damage than good.

The debt-service ratio (2.1.1., 2.2.1.) and interest burden indica-
tors (2.4.,2.4.2., 2.5., 2.5.1.) are especially good in the short horizon;
see the second block in table 7. In addition to the decline in income
in the denominator of this ratio, the numerator of the debt-service
ratio typically catches the rise in the interest rate that often triggers
the recession in the economy.

Indicators based on asset prices such as stock index growth
(5.2.1., 5.2.2.), real commercial real estate prices (3.4.1.), and the
one-year change in the house price-to-income ratio (3.3.1.) typically
start to fall already before the onset of a crisis; see the third and
fifth block in table 7. Whether a decline in asset prices triggers the
crisis or asset prices actually anticipate the future downturn may
not matter, as these indicators are prone to change before the onset
of a financial crisis.

The key take-away here is that policymakers should take into
account the fact that the relevance of different indicators may
depend on the remoteness from the crisis. Table 8 conveys the infor-
mation in table 7 in a more practical format that could be useful for
policymakers The recommended set of indicators are categorized
into three categories according to the relevant policy horizon for that
particular indicator. Short-term (one to two years) indicators tend to
signal relatively late, giving the policymaker little time to react; see
the first column in table 8. The medium-term indicators work best
two to three years before the crisis. A few indicators, including some
credit-based measures and low stock market volatility, appear infor-
mative even in the longer term (four to five years). Many indicators
fall into several categories at the same time.

4.8 Robustness to Alternative Crisis Data Sets

The financial crisis data sets made available by various authors are
of great benefit to early warning study, yet the definition of what
constitutes a crisis colors every data set. This leads to considerable
differences across the alternative crisis data sets. To fill the gap in

26In this categorization, we do not consider prediction horizons of less than a
year, as the policymaker would essentially have no time to react.
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Table 8. Summary Table of the Most Relevant
Crisis-Prediction Horizons for Recommended Indicators

Indicator

Short
Term
1-2 Years

Medium
Term
2—-3 Years

Long
Term
4-5 Years

1. Credit Developments

1.1. Real Total Credit

1.2. Real Total Bank Credit

1.3. Real Household Credit

1.4. Real Corporate Credit

1.5. Total Credit / GDP

1.6. Total Bank Credit / GDP

1.7. Total Household Credit / GDP
1.8. Total Corporate Credit / GDP

XA

X
X
X

el

KoK

2. Private-Sector Debt Burden
2.1. Debt-Service Ratio

2.2. Corporate Debt-Service Ratio
2.3. Household Debt-Service Ratio

2.4. Total HH Credit x 10y Rate / GDP
2.5. Total HH Credit x 3m Rate / GDP

>

>

el

3. Potential Overvaluation of
Property Prices

3.1. Real House Price

3.2. House Price / Rent

3.3. House Price / Income

3.4. Real Commercial Real Estate Price

>

XK R

4. External Imbalances

4.1. Current Account / GDP

4.5. F.C. Cross-Border Loans / GDP
4.6. D.C. Cross-Border Loans / GDP

el alia

ks

5. Potential Mispricing of Risk
5.1. Stock Market Volatility

5.2. Stock Market Index

5.9. VIX Index

5.10. High-Yield Spread

5.15. U.S. 1y T-Bill

5.16. U.S. 1m T-Bill

XK

XA

6. Strength of Bank Balance
Sheets

6.1. Leverage Ratio

6.3. Total Assets / GDP

X

X
X

Notes: Categorization is based on the AUC statistics for different prediction horizons
reported in table 7. The prediction horizons where the indicator has relatively high
performance, i.e., relative to its own performance at different prediction horizons, are

marked with X.




Vol. 14 No. 2 Evaluating Indicators for Use in Setting 99

the literature and further examine the stability of the indicators,
we reproduce the performance measures in table 6 for the two addi-
tional (Babecky’s and Laeven’s) crisis data sets. The results of this
robustness exercise are shown in table 9.

While all predictors remain informative, their rankings change
depending on the crisis data set used. On average, the performance
measures are significantly higher for Detken’s and Laeven’s data set
compared with Babecky’s data set, while there is on average no
difference between Detken’s and Laeven’s data set.

The result that the crises in Detken’s and Laeven’s data sets are
relatively easier to predict than the crises in Babecky’s data set may
derive from the fact that the two former data sets aim to include
only systemic banking crises while the latter aims to include all
banking crises. It is plausible that systemic banking crises emerge
from larger economic imbalances than smaller banking crises, and
the larger imbalances are then easier to detect with the early warning
indicators.

In terms of average full-sample measures (AUC and U,), the
various credit-to-GDP measures are the best predictors only with
Detken’s data set; see the first block in table 9P Using Babecky’s
data set, some measures of the overvaluation of property prices and
mispricing of risk categories have better full-sample metrics and sim-
ilar or better out-of-sample metrics; see the third block in table 9.
Measures for the mispricing of risk also rank high using Laeven’s
data set (by any measure). The VIX index and U.S. Treasury bills
perform especially good out of sample; see the fifth block in table 9.
In contrast, the high-yield spread has lower out-of-sample perfor-
mance for the two alternative data sets—even if its full-sample per-
formance attains the highest numbers of all (AUC 0.88 and 0.89, U,
0.71 and 0.70). As noted before, due to short length of time series,
the indicators classified as strength of bank balance sheets have low

2TThe construction of Detken’s data set from Babecky’s data set implies that
the improved performance of credit development indicators could result from
the policy-oriented adjustments of crisis episodes that have been performed in
deriving Detken’s data set (see section 3.2 for the adjustments made). However,
the near-identical successful performance of credit-related indicators for both
Detken’s and Laeven’s data sets supports the notion that these indicators are
good at predicting systemic banking crises (as opposed to non-systemic crises).
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out-of-sample performance across the alternative crisis data sets; see
the sixth block in table 9.

4.4 Interpreting Indicators for Policy Guidance

So far, we have identified indicators the policymaker should monitor
to detect increased vulnerability ahead of a systemic banking crisis.
Unfortunately, the policymaker must also correctly interpret signals
or lack thereof from these indicators. While the interpretation ulti-
mately depends on the policymaker’s overall perception of financial
stability and economic outlook, we offer some quantitative insights
that may be helpful.

For most of these indicators, interpretation is straightforward in
the sense that the higher (or lower) the value of the indicator, the
more likely the risk of financial crisis. However, the policymaker also
has to decide at which point the indicators have moved sufficiently to
justify policy action. Within the EU, national policymakers consider
the appropriateness of the countercyclical capital buffer every three
months. If they find a need, for example, to raise the countercyclical
capital buffer level, they can increase it gradually from 0 percent to
the maximum 2.5 percent over a period of several years. The process
involves a number of decisions that take place at different levels of
the indicators. While the benchmark buffer guide readily suggests
a value for the countercyclical buffer@ it is necessary for the pol-
icymaker to judge whether other relevant indicators comport with
the benchmark story. While a comprehensive analysis of these issues
is beyond the scope of the current paper, such comparison could
at its simplest be achieved via descriptive analysis of historical val-
ues of indicators using, say, a logit or probit model to estimate the
correspondence between crisis probabilities and indicator values.

In the online appendix, we report the statistical significance of
logit-model coeflicients as an additional robustness check for the
warning indicators (see tables A1-A7 in the online appendix). Here,
while we are reluctant to attach a specific crisis probability to a given
value of the indicators, we offer a few insights that can be drawn from

28The benchmark buffer guide maps the value of the total credit-to-GDP trend
gap into a value of countercyclical capital buffer.
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the logit estimates 2 Regarding the credit-to-GDP trend gaps, we
conclude that the crisis probability is more sensitive to the trend
gap of total credit to households divided by GDP than the respec-
tive trend gaps that use total corporate credit or total credit. For
example, if a 4 percent total credit-to-GDP trend gap corresponds
to some probability of banking crisis, a 1 percent household credit-
to-GDP trend gap would yield the same crisis probability. Regarding
the new mispricing of risk indicators, VIX index values below 20 are
associated with a significantly heightened probability of financial
crisis. For the high-yield spread, values below 400 basis points are
similarly associated with significantly heightened crisis probability.

Figure 3 visually draws out some of the top-performing indicators
in each category. The horizontal axis shows the time to crisis such
that negative values take place before the crisis, and zero, highlighted
with a vertical line, corresponds to the first quarter of a financial cri-
sis. The data are aggregated over all financial crises for which the
indicator data is available for the five-year window prior to the crisis.
The curves show first through third quartiles of the indicator data
during this period and also during tranquil periods (the horizontal
lines) for comparison.

If the aim is a specific threshold, perhaps the most common
way of identifying threshold values for warning indicators is to
derive them based on policymakers’ preferences with respect to false
alarms and missed crises (e.g., Alessi and Detken 2011; Behn et al.
2013; Detken et al. 2014; Drehmann, Borio, and Tsatsaronis 2011;
Drehmann et al. 2010). In these methods, one makes an assump-
tion about the preferences of policymakers in setting thresholds,
e.g., the optimal noise-to-signal ratio or a specific formula for the
policymaker’s loss function with respect to missed crises and false
alarms. Thus, it is not only difficult to assess the expected costs and

29 As the logit model does not provide a good fit for some indicators, these
insights are limited in scope. Also, due to sensitivity of the estimates to the data
set at hand, the cited probabilities should not be treated unconditionally but
conditionally on the given data set and the crisis variable used. Hence we seek
to emphasize features that could remain robust in the wider context. Drehmann
and Juselius (2014) note that a logit model can be employed to estimate the
probabilities, but they emphasize that statistical properties of binary regression
models are largely unknown under the high levels of persistency in their indicator
variables.
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Figure 3. Illustrations of Some Early Warning
Indicators around Crisis Dates
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benefits of macroprudential policy, but about as daunting to specify
an optimal trade-off. Hence, assumptions made about policymakers’
preferences can be seen as somewhat arbitrary. To address this issue,
Ferrari and Pirovano (2015) present a methodology for determining
thresholds that is based on moments of an indicator’s statistical dis-
tributions conditional on crisis periods and tranquil periods. Thresh-
olds could also be country specific, as Ferrari and Pirovano (2015)
show that their method works better when taking into account the
country specificities. More complex methods try to derive thresholds
based on multivariate models. Detken et al. (2014) show that this
might be complicated, as there can be timing mismatch between
different indicators and the data availability varies.

Given that there are significant uncertainties related to every
potential method of determining thresholds, one should use them
with care. Perhaps it would be wise to aim for a wider interpreta-
tion of the indicators than to aim for a single set of thresholds. One
could use different methods to get a comprehensive picture of the
information provided by various indicators.

5. Conclusions

The goal of this study has been to identify empirically a set of early
warning indicators of banking crises that satisfy the policy require-
ments laid down in the EU legal framework. Specifically, we sought
to identify suitable warning indicators for the ESRB’s six categories
for indicator measures: credit developments, private-sector debt bur-
den, potential overvaluation of property prices, external imbalances,
mispricing of risk, and strength of bank balance sheets. The results
in general confirm earlier findings, but they also identify several new,
highly useful predictors.

For the three most-studied categories (credit developments,
private-sector debt burden, and potential overvaluation of property
prices), we basically confirm earlier findings. Measures of credit-to-
GDP, debt-service ratios, and measures of house price valuation and
commercial real estate prices are all very good predictors of banking
crises.

The previous literature reports mixed evidence for the remain-
ing three categories (mispricing of risk, external imbalances, and
strength of bank balance sheets). We propose several new predictors
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and subsequently report strong predictive performance for the fol-
lowing indicators in the category measures of potential mispricing
of risk: the VIX index, the international credit spread between high-
yield and investment-grade corporate bonds, and benchmark gov-
ernment bond yields. Our results hold firm in the full sample and
out of sample, and for alternative crisis-prediction horizons and data
sets. In addition, in agreement with Drehmann and Juselius (2014),
we report some predictive success measures based on stock market
price and stock market volatility.

In the external imbalances category, we find evidence in favor of
the ratio of current account to GDP. None of the other examined
items in the balance-of-payments accounts appear useful. We also
propose a new predictor—the cross-border loans-to-GDP ratio—
which shows some limited predictive performance.

Few of the bank balance sheet variables were robust predictors.
This may have been hampered by the short time span of the avail-
able data. The strongest predictors, total banking assets-to-GDP
ratio and leverage ratio, were statistically significant but otherwise
showed weak performances. Several other indicators—such as a large
net stable funding ratio, large non-core liabilities, and large loans-
to-deposit ratios—are useful in the full sample, but that usefulness
did not carry over to the out-of-sample results.

Our results contribute to the early warning literature of finan-
cial crisis and should help policymakers in selecting indicators for
monitoring and making informed decisions on the countercyclical
capital buffer. Our robustness checks are extensive compared with
the earlier literature; we consider full-sample and out-of-sample esti-
mations, many different transformations of the indicators, a range of
prediction horizons, and three alternative financial crisis data sets.
To the best of our knowledge, our robust findings on the informative-
ness of the VIX index and high-yield spread in predicting banking
crises are new to literature.

A number of issues should be kept in mind when applying our
results. First, we have selected the indicators based on evidence for
the average of all countriesPd Due to institutional or other country-
specific features, some indicators might not work as well for some

3%History shows that banking crises are caused by a group of fairly similar
factors (Kauko 2014).
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countries as others. Therefore, it might be optimal for some countries
to select indicators other than those we propose when there is reason
to believe that this country is not represented well in this average set
of countries. Second, given that our aim has been to analyze data
for as many countries as possible, we have relied mainly on pub-
lic data sets. The national authorities monitoring these indicators
in their own countries should avail themselves of the best available
data. Nevertheless, we believe that our results hold for the indica-
tors computed with different time series as long as they measure the
same economic concepts.
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