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Abstract: This paper aims at identifying a validated risk model for the cryptocurrency market.
We propose a stochastic volatility model with co-jumps in return and volatility (SVC]J) to highlight
the role of jumps in returns and volatility in affecting Value-at-Risk (VaR) and Expected Shortfall
(ES) in cryptocurrency market. Validation results based on backtesting show that SVC] model is
superior in terms of statistical accuracy of VaR and ES estimates, compared to alternative models
such as TGARCH (Threshold GARCH) volatility and RiskMetrics models. The results imply that for
the cryptocurrency market, the best performing model is a stochastic process that accounts for both
jumps in returns and volatility.

Keywords: stochastic volatility with co-jumps; threshold GARCH; RiskMetrics; validation;
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1. Introduction

Forecasting volatility is pivotal for developing accurate and realistic risk management models that
perform well in good times and in bad. An accurate volatility forecast depends on the assumptions
made by the analyst and selection of proper statistical models that can provide a parsimonious
representation of the stylized features of the data. When risk management fails, the blame is squarely
placed on risk models. According to Bernanke (2008), “Those institutions faring better during the
recent turmoil generally placed relatively more emphasis on validation, independent review, and other
controls for models and similar quantitative techniques. They also continually refined their models
and applied a healthy dose of skepticism to model output”. Hence, a crucial task facing a risk manager
is to make sure the models are tested, back-tested, and validated to minimize expected losses.

Academics, practitioners, and regulators have commonly used risk models that were deemed
sophisticated in terms of forecasting risk. For instance, JPMorgan and Bank of America use historical
simulation to estimate their trading risk. Others rely on volatility forecasting models such as GARCH
family models, exponentially moving average, JPMorgan’s RiskMetrics, and extreme value theory
models. In this respect, academics provided various results of the reality checks of these models and
suggested different versions of the GARCH volatility models by alternating between Normal, Student-t,
and Skewed-t distributions in an attempt to better capture tail events and asymmetry of the data
generating process (see, for example, Bauwens and Laurent (2005), Danielsson and Morimoto (2000)).
Other scholars suggested hybrid models combining, for instance, filtered historical simulation with
GARCH models or assuming different error terms in the models. Nevertheless, such models require
assumptions about the stochastic processes of the underlying asset prices that are subject to validation
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failure either because of misspecification or the latent characteristic of the parameters, especially during
economic downturns.

On a more macro level, it is now evident that the importance of risk models remains fundamental
for capital requirements as imposed by the Basel regulations. Decision-makers rely on these risk
models as long as they have passed some validation criteria adopted by financial institutions and
regulatory authorities. Three critical model-failures have been noted in the literature—1992 Deutsche
Bank loss of $500 million, the 1998 collapse of Long Term Capital Management (LTCM), and the 2012
“London Whale”! debacle of JPMorgan Chase & Co. For the Deutsche bank loss, the culprit was the
assumption of flat volatility to price options and, in the case of the LTCM debacle, the blame was
placed on the model’s use of Gaussian copula and the assumption of no contagion (Jorion 2000).2
Finally, the 2012 loss of $6.2 billion, due to a spreadsheet error in calculating Value-at-Risk (VaR) and
operational risk at JPMorgan Chase, highlights why it is important to validate risk models.?

In light of some of these historical data, it is fitting that scholars shifted their approach to stochastic
volatility risk models, postulating that volatility is driven by its own stochastic process that accounts
for jump dynamics in the returns rather than skewness or excess kurtosis. Such an approach, when
pitted against other risk models, outperformed both in and out-of-sample backtesting results (see, for
example, Maheu and McCrudy (2005), Su and Hung (2011), and Ze-To (2012)). Their results supported
a consensus that jumps are causing extreme value in returns and taking them into consideration
provides better VaR forecasts for long and short positions at lower and higher VaR levels. Though
such models were successfully validated, they accounted for jumps in the return series and not in
volatilities. In addition, many of these risk models were validated in a portfolio context, and little has
been done with individual assets with a stochastic model that accounts for both jumps in returns and
volatilities (see, for example, Eraker et al. (2003)).

The challenge, therefore, is to identify the best risk model that has passed some validation criteria
using risk measures such as VaR and Expected Shortfall (ES), which remain the building-block of
market risk regulations. One typical means for identification of the best risk forecast model is by
analyzing violation ratios, which is better known as backtesting. Although some scholars argue that
risk model choice is the least concern for decision-makers (see, for example, Danielsson et al. (2016)),
the scenario takes a different path when dealing with individual financial assets and considering
economic events affecting financial markets.

Risk validation in any financial asset that trades on organized platforms is critical for national
and international regulatory bodies that are entrusted with providing a safe and sound financial
environment for financial transactions. To this extent, investor safety is paramount for an assessment
of risks of cryptocurrencies so that proper regulatory controls, if needed, can be designed and
implemented. The popular media have declared the cryptocurrencies as some of the most volatile assets
in the financial market worldwide. Such assertions must be validated using appropriate econometric
risk models that incorporate stylized features of the market to understand the evolution of risk and
the factors that are responsible for it. Most importantly, the structure of the market, transaction costs,
market microstructure, price formation, and the volatility should be studied within an appropriate
risk model. For the emerging cryptocurrencies market where governmental oversight and regulatory
structure is still evolving, model risk due to wrong assumptions can lead to wrong conclusions and
incorrect policy implementation.

Overall, cryptocurrencies have taken place in the financial markets and in portfolio management.
They may be useful in risk management and ideal for risk-averse investors in anticipation of negative

The term “London Whale” was based on the enormous size of the bet on credit default swaps made by the London office of
the bank’s risk management division.

In addition, the LTCM model made several critical mistakes, including assuming that returns were normally distributed,
and the time period to establish the risk parameters was rather short. See Jorion (2000) for more.

Interestingly, JPM CEO Jaime Dimon had initially described the problem as “a tempest in a teapot”.
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shocks to the market. They are also considered as investment assets useful for portfolio diversification
and hedging against movements in other financial assets such as commodities. To sum up, for an
investor trying to manage tail risk in cryptocurrencies, choosing an appropriate model is critical for
forecasting volatility.

This paper aims at exclusively identifying a risk model that is valid for the cryptocurrency markets.
It also attempts to build up on the consensus that cryptocurrencies exhibit extreme volatility that
needs to be properly quantified for risk management purposes. The existing literature suggests that
both stochastic volatility and jumps in returns in the equity market are important components of
the returns. Hence, we consider theoretical and applied return models that require the specification
of a stochastic volatility component. The model that we select accommodates the persistence in
volatility, and volatility of a jump to address the unpredictable and large movements in the price
process. In essence, our objective is to examine if jumps in returns and volatility can help us predict
tail risk and expected shortfall more accurately. Furthermore, it also is important to determine if jumps
in returns and volatility can help us accurately predict and manage expected losses from investing
in cryptocurrencies. This particular focus on the volatility structure of the cryptocurrency market is
incomplete in the literature.

Our risk model validation approach starts with a nonparametric test to detect jumps in the
dynamics of the price process in the cryptocurrency market. Next, we introduce the price dynamics
as inputs in a stochastic model that allows for jumps in both returns and volatility, as well as their
correlation. We call this the Stochastic Volatility with Co-Jumps (SVC]) model. We further study
how such a model could be appropriate for risk measurement and compare its Value-at-Risk and
Expected Shortfall predictions with competing models that are frequently applied to financial time
series. Backtesting criteria are implemented to test the statistical accuracy of the models, followed by
an examination of the statistical significance of the differences between the models.

Our results suggest that no one model universally fits all cryptocurrencies. We find that there are
jumps in the returns and volatility of returns in the cryptocurrency market, though jump probability
estimates vary across currencies. We find evidence of the leverage effect where volatility has an
asymmetric response to good news and bad news. Both the SVC] and TGARCH models produce
accurate forecasts of tail risk and Expected Shortfall (ES) better than the popular RiskMetrics model.
Finally, the strongest result in the paper is that the proposed SVC] model produces lower economic
losses than the TGARCH and RiskMetrics models. This implies real savings for an investor for dealing
with capital losses for investing in the cryptocurrency market.

The paper proceeds as follows. In Section 2, we discuss the proposed stochastic volatility model
with jumps and leverage. In Section 3, we offer empirical results. The final section concludes the paper.

2. Methodology

An understanding of the volatility process of financial assets is necessary for investors to manage
risks of investing in financial markets. Equally important is that regulators have a more informed
view of the underlying volatility structure of these assets so that appropriate regulatory policies can
be designed to attract investors and potential new issuers. To this extent, it is important to examine
if assets have time varying volatility, jumps, autocorrelation, extreme risk, and how the volatility
process responds to good news and bad news in the markets. These issues have been investigated in
the literature individually in a disparate manner when they should be addressed simultaneously in
an integrated model to allow interaction among these volatility parameters (see Ardia et al. (2019),
Barivera et al. (2017), and Segnon and Bekiros (2019), and references therein). Hence, we adopt a
model that can capture quick and persistent movements of the conditional volatility of returns as
in Eraker et al. (2003), which was an implementation of the model with jumps in both returns and
volatility by Duffie et al. (2000). Such models showed that, with jumps in returns and jumps in
stochastic volatility, the performance is better than competing models with different specification of
the volatility process. A number of papers have examined equity price models with jumps in returns
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and stochastic volatility (see, for example, Bakshi et al. (1997), Andersen et al. (2002), and Pan (2002))
and made it clear that both stochastic volatility and jumps in returns are important components of the
time series properties of financial assets.

Let us begin by defining logP; as the logarithmic price process with V; as the stochastic variance.
Both processes are assumed to have a continuous path or happen to be discontinuous with the
occurrence of at least one jump:

dlogPy = udt+ Vi dWX + JXdzX

dvi = x(0— Vy)dt+ oy VidWY +1/dZ), M

where the stochastic volatility V; has parameters x and 6 that are the mean reversion rate and
mean reversion level, respectively. WX and WV are correlated standard Brownian motions with
Cov(dWX,dW)) = pdt. Z} = 7 are contemporaneous jump arrivals in both prices and volatility
and are assumed to follow a Poisson process with constant intensity A. oy represents the volatility of
volatility and measures the variance responsiveness to diffusive volatility shocks.

Because data are observed in discrete time, it is common to use an Euler discretization of the
continuous time process in Equation (1). Assuming a time discretization of one day (dtf = 1) and
Xt = logP; — logP;_1, the discrete model, labeled SVC], becomes:

Xy = p+ Vil + 52X )
Vi = x(0-Vi1) +ovyVime) + 12y

where JX and ]! are the correlated jump sizes with ]! ~ exp(uy) and J¥|]V ~ N(ux +p;]V,0%),
and € and €/ are standard normal random variables with correlation p. We note that, when p; = 0
and py = 0, the model turns to a stochastic volatility with jumps of Bates (1996), and, when p; = 0,
uy =0,A =0, ux = 0,and ox = 0, the model is a stochastic volatility of Heston (1993).

We use a likelihood-based framework for estimating multivariate jump-diffusion models using the
Markov Chain Monte Carlo (MCMC) method. This method is based on Bayesian modeling that requires
using a likelihood, a priori distribution, and a posteriori distribution. Prior distributions are required
for the initial volatility state, Vj, and for all parameters governing the dynamics of the volatilities.
Moreover, the prior contains information about both the parameters and the structure of the latent
processes: the stochastic specifications of the jump sizes, and jump times. As in Eraker et al. (2003),
the priors are always consistent with the intuition that jumps are “large” and infrequent. More
specifically, we choose a prior that places low probability on the jump sizes being small, say less than
one percent, and a prior that places low probability on the daily jump probability being greater than 10
percent. In this paper, we generate results with priors.

Next, the forecastability of the SVC] model is compared to commonly adopted alternative volatility
models within the popular GARCH family. For this and to be in line with the stylized facts that financial
time series have leptokurtosis, heavy tail, and autocorrelation, we impose volatility dynamics within
the universe of GARCH specifications. We choose the TGARCH specification of Glosten et al. (1993) is
due to its ability to capture the so-called leverage effect, the tendency of volatility to increase more
with negative news rather than positive news. Brownlees and Engle (2012) argued that this volatility
model has superior forecasting performance than other known volatility models*. The model takes
into consideration any presence of autocorrelation of order p and is presented as follows:

4 Other volatility forecasting models would include ARCH, GARCH, I-GARCH, GARCH-M, GJR-GARCH, and TARCH,
for example. However, it is very tough to generalize the statement because results from the above models may vary due to
differences in assets, data, and time period under study. See, for example, Ali (2013).
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p
Xy = ao+ ) ajXe1+u 3)
=1
0f = wau g +oui gl + oty

with u; ~ D(0,0?) representing independent and identically distributed shocks with zero mean and
time-varying variance, and I,_; = 1if u; < 0, and zero, otherwise. In this model, the parameters «
and p are respectively the ARCH and GARCH coefficients, and the parameter -y captures the leverage
effect of the returns. In line with the stylized facts observed in the cryptocurrency market (see for
example Chan et al. (2017), Caporale and Zeokokh (2019), and Ardia et al. (2019)) and, because there is
a large departure of the cryptocurrencies returns from normality, we allow for the distribution D of
shocks to follow a Student-t or skewed Student-t with v degrees of freedom.

We explore whether the forecasts generated from the two models are able to provide an investor
with a valid tool to hedge risk. Therefore, we derive VaR and ES using the simulated volatility series
when fixing the parameter estimates produced by the models. An n-day 7% VaR is defined as

VaR{ (X) = inf{x | Pr(X; < —x) < 1}, 4)
and, once X is below VaR;, we define
1 T
EST(X) = — / VaRy (X)du. )
0

To concentrate on a specific return bracket, we adopt a non-parametric technique based on Filtered
Historical Simulation of Barone-Adesi et al. (1999) to simulate 5000 returns’ paths from both the SVC]
and the AR(2)-TGARCH (1,1)~ t models. For the latter, we first standardize returns by quantiles and
volatility estimates and then generate returns’ paths serving as the basis for calculating VaR and ES.

Next, we evaluate the accuracy of each model through backtesting the estimated VaR and ES.
The backtesting relies on comparing the risk measures estimated by the models under analysis with the
actual trading results. The cases in which the actual loss exceeds the VaR estimate are called exceptions.
According to Christoffersen (1998), the exception sequence is defined as:

r 1,if X; < —VaR] violation occurs

= 6
! {0, otherwise (©)

fort =T+1,...,T+ n, where T is the number of return observations used to estimate the VaR of
the day T + 1, and n is the number of one-step-ahead estimates of that risk measure included in the
test. Consequently, Christoffersen’s conditional coverage test (LR..) for VaR backtesting consists of
determining whether the probability of occurrence of an exception, p = Pr[X; < VaR{] is significantly
different from the defined 7 (unconditional coverage test LR,,) and whether the exception sequence is
serially independent (independence test LR;,4)°. The likelihood ratio statistics for the test of correct
conditional coverage is defined as:

LR = 2In [(1 — 7pq) "0 gt (1 — 749) ™0y 1] — 2In [(1 — 7)™ ] (7)

where 1 and 77 are respectively the number of 0s and 1’s in the indicator series, 7;; is the number of
observations with value i followed by value j in the I] series. The value i, j = 0 denotes no violation,
while 7, j = 1, denotes the opposite. The series I are assumed to be a first-order Markov process

5 The probability of an exception does not depend on the previous day’s outcome.



Int. ]. Financial Stud. 2020, 8, 19 6 of 18

with transition probabilities i = Z:Zi;il-]-é' The likelihood function LR, follows a X%z) and tests the

independence of exceedance (loss) across time periods. If the sequence of losses is independent, then
o1 = 711 = p. Hence, this test can reject a model that generates too many or too few violations.

Given that VaR passes this test, we then proceed with backtesting the excess loss component,
L = ES™ — VaR", using the McNeil et al. (2005) ‘zero mean test” and the bootstrap method of Efron and
Tibshirani (1994), which requires no assumption on the distribution of S = (L — ES")1; . yuge-

Lastly, we test the superiority of a model vis-a-vis a competing model with respect to the loss
function of Angelidis et al. (2004) and using Sarma et al. (2003) ‘zero median test’. The loss function is
defined as:

(X; — (—VaR?))?, if violation occurs

Ct = 2
(qT[XtEﬂ - (—VaRtT)) , otherwise

®)

where g+ [Xt]gﬂ is the quantile of the out-of-sample returns used for backtesting. At each time t, C;

increases either by excess loss, if a violation occurs, or by the difference between VaR{ forecast and the
future quantile. It follows that choosing the best accurate model i over model j, which will minimize
the total loss Y_/_; C;, can be decided by testing the hypothesis that the median of the distribution
By = Cit — Cj; is equal to 0. Here, B; is known as the loss differential between model i and model j at
time ¢, and a negative value indicates the superiority of model i over j. This loss function is of practical
interest to investors seeking to reduce market risk and avoiding allocating more money than needed.

3. Data and Empirical Results

In this section, we describe the details of the procedures for the comparison of the previously
discussed risk models for the matter of validation, and, for a better understanding of our results,
we divide this section in three parts. In the first part, we describe the stylized facts of the
sample and conduct preliminary diagnostics. The second part presents the details of the in-sample
estimation of the risk models, namely SVCJ, TGARCH, and RM. In the third part, we evaluate the
out-of-sample forecasting ability of the models in terms of VaR and ES, and then perform backtesting
for validation purposes.

3.1. Data

Over the last few years, the most important aspect of cryptocurrencies which has gained
prominence in the media is the realized market volatility. To be fair, the media’s infatuation with
cryptocurrencies is manifested in the actual market data. Between 26 April 2013 and 16 May 2019,
the daily average return from the largest cryptocurrency Bitcoin (BTC) was 0.3% with 4.34% standard
deviation. There were 174 days with daily returns falling by more than 5%, and 178 days with daily
returns increasing by more than 5%. The maximum daily return during this period was 43.58% (19
November 2013) and the largest one-day change was —23.43% (12 December 2013). On 18 December
2017, the market cap for BTC was $320 billion and the price soared to $19,783 (17 December 2017).
One year later, the market cap for the currency declined to $63 billion (28 December 2018). As of this
writing (23 May 2019), BTC had a market cap of $138.5 billion. Such large, unprecedented swings in
the market value can be terrifying for some investors, while others see opportunities. In more recent
days, however, there is a lot more emphasis on avoiding volatility and promoting the stability of the
cryptocurrencies to bring some sense of calm in the market. For example, companies like Google, IBM,
and Facebook’ have announced their plans to introduce newer coins and each one is claiming that
their currency will be a more stable asset than the others (Forbes, 16 April 2019).

mor = Pr(If =1] I, =0),and 71y = Prlf = 1[I, =1].

7 Infact, Facebook is planning to introduce a cryptocurrency, appropriately named as ‘Stablecoin’ for its “WhatsApp” platform.
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We use daily prices of seven successful® cryptocurrencies: Bitcoin (BTC), Ripple (XRP),
Litecoin (LTC), Stellar (XLM), Monero (XMR), Dash (DASH), and Bytecoin (BCN), all collected
from cryptocompare.com’. The data span the period 5 August 2014 to 24 March 2019, with a total
of 1693 daily observations. Table 1 reports the summary statistics including the mean, standard
deviation, minimum, maximum, skewness, kurtosis, and the p-values of the Ljung—Box test for
first-order autocorrelation for all cryptocurrencies. Ripple has the highest mean of 0.24% and Bytecoin
has the highest standard deviation of 11.44%. All cryptocurrencies display excess kurtosis and the
Ljung-Box test shows that data exhibit first and second-order autocorrelation except for Stellar at the
5% confidence level.

Table 1. Descriptive statistics of daily log-returns of cryptocurrencies.

Mean StDev Min Max Skewness Kurtosis AR1 AR2

BTC 0.010 0.166 —0.146 1.788 3.609 22.78 0.091 0.117
XRP 0.037 0355 —0.309 6.190 5.546 65.93 0.421 0.048
LTC 0.016 0248 —0.136 4.789 9.196 130.18 0.880 0.766
XLM 0.015 0213 —0.206 3.808 5.532 68.53 0.037  0.039
XMR 0.007  0.134 —0.147 1.306 2.998 15.12 0.733  0.423
DASH 0.012 0175 —-0.196 1.595 2.705 12.23 0.671 0.180
BCN 0.009 0.163 —0.157 3.049 6.775 95.30 0.234 0.117

Data spans from 5 August 2014 until 24 March 2019. AR1 and AR2 display the p-values of the Ljung-Box for
autocorrelation of first and second order. p-values below the 1% significance level indicate rejection of the
null hypothesis of no autocorrelation.

3.2. In-Sample Estimation

Table 2 provides posterior summaries for parameter estimates from the stochastic volatility with
co-jumps (SVCJ) model for all cryptocurrency series. For the MCMC framework, there were 10,000
iterations with a burn-in of 2000 iterations to minimize the influence of the initial values. The initial
values were as follows: u ~ N(0,1), x ~ N(0,1), k0 ~ N(0,1), p ~ u(—1,1), 0% ~ 1G(2.5,0.1),
pux ~ N(0,100), pj ~ N(0,4), 0% ~ IG(5,20), uy ~ G(20,10), and A ~ B(2,40). The SVCJ model
appears to be an ideal candidate for the cryptocurrencies, as indicated by the low MSE. The results
show that the jump intensity A is significant for all cryptocurrencies and is high for XRP and LTC,
respectively 10.6% and 9.3%, and low for BCN and BTC, respectively 2.5% and 3.8%. The jump
correlation pj is insignificant for all cryptocurrencies, similarly to the findings of Eraker et al. (2003)
with stock prices.

The results also show a positive correlation, p, between the Brownian motions of returns and
volatility for all cryptocurrencies except for XRP and DASH, where it is negative. This shows that
a negative shock to returns increases volatility, and we can infer that the leverage effect contributes
to the effectiveness in fitting the volatility of cryptocurrency returns. Figure 1 displays the jumps in
returns and volatility for selected cryptocurrencies with high and low intensity of jumps. XRP and
LTC have high intensity, and BTC and BCN have low intensity jumps.

Our sample of cryptocurrencies captures market dynamics for various market capitalizations, ranging from high to low.
Among the largest market caps (22 May 2019), we have Bitcoin ($136.13 billion) and XRP ($15.88 billion), in the middle
market cap category, we have Litecoin ($5.44 billion), and Bytecoin ($0.169 billion) represents the small market cap category.
It is important to acknowledge that there are significant differences in the quality of data that are available at multiple sites
including CoinAP]I, Cryptodatadownload, Cryptocompare, Coinmarketcap, and Coingecko. According to Alexander and
Dakos (2019), some of these data are traded prices while others are non-traded prices issued by the exchanges, leading to
questionable results in empirical studies.
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Parameter estimates of SVC] model are displayed along with the posterior means and the posterior standard
deviations (in parentheses). The posterior sampling was carried out with 10,000 MCMC iterations and 2000

burn-in iterations.
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We have also estimated several AR(2) return models with various volatility specifications namely,
asymmetric GARCH, IGARCH, TARCH, and GJR-GARCH, and by alternating between Student-t and
Skewed Student-t errors. Table A1 (see Appendix A) displays the estimation results of these models
for the cryptocurrencies. Each model was ranked on the basis of the log-likelihood function (higher
the better) and the AIC (lower the better). Overall, the TGARCH with skewed f-distributed errors
turns out to be the best volatility fitting model for the cryptocurrencies considered in this paper. These
results contradict the findings of Chan et al. (2017) that IGARCH and GJR-GARCH models provide
the best fits for the most popular and largest cryptocurrencies.

Table 3 summarizes these results by reporting the AR(2)-TGARCH(1,1)~Skewed t estimated
parameters. The parameters & and 8, which represent short-run dynamics, are all significant for all
cryptocurrencies. This suggests that the volatility is intensively reacting to market movements and that
shocks to the conditional variance take time to die out. The leverage effect « is statistically significant
for all series except for XRP, DASH, and BCN. There were no remaining autocorrelations in both the
standardized residuals and the squared standardized residuals.

Table 3. Parameter estimates of AR(2)-TGARCH(1,1)~Skewed t volatility model.

BTC XRP LTC XLM XRM DASH BCN
Qo 0093 —0.117 0.046 —0.098 0218  0.103 0.308
(0.040)  (0.041)  (0.054)  (0.040) (0.106) (0.069)  (1.002)
m —0.055 —0.098 —0.081 —0157 —0.053 —0062 —0.235
(0.018)  (0.028)  (0.022)  (0.041) (0.025) (0.020)  (0.026)
a —0.061 —0.042 —0.072 —0.048 —0.027 —0.064 —0.036
0.024) (0025  (0.021)  (0.019) (0.023) (0.017)  (0.143)
w 0.066 0.632 0.125 0474 0569 0448 0.794
0.032)  (0201)  (0.059)  (0.158) (0.177) (0.130)  (0.244)
M 0.271 0.634 0.421 0271 0193  0.268 0.167
(0.061)  (0.139)  (0.095)  (0.054) (0.035) (0.042)  (0.039)
B 0.852 0.620 0.859 0775 0794  0.755 0.810
0.020)  (0.053)  (0.021)  (0.043) (0.038) (0.038)  (0.038)
5 0136  —0.061 —0.169 —0222 -0.183  0.066 —0.197
(0.071)  (0.064)  (0.087)  (0.089) (0.093) (0.073)  (0.161)
Shape 2.473 2.383 2.117 2852 3487 3246 3.398
(0218)  (0.026)  (0.038)  (0.244) (0.371) (0.313)  (0.363)
Skewness 0.930 1.057 1.056 1145 1104  1.118 1.078

0.027)  (0.026)  (0.028)  (0.033) (0.036) (0.035)  (0.117)
LogLikelihood —33158 —3757.8 —35865 —42305 —4321 —4064 —47358
AIC 5.007 5.672 5.419 6389 6523 6138 7.151

Summary of the estimation results of the AR(2)-TGARCH(1,1)~Skewed t for the cryptocurrencies. Standard
errors are in parentheses and bold indicates insignificance at 5% and 1% levels.

The estimated volatility from these three distinctly different models are reported in Figure 2 for
BTC, as an example. A visual examination shows that the volatility graphs are markedly different
across models. The SVC] model produces the smoothest plot because it includes all parameters of the
volatility series. The plots generated from the remaining models are substantially jagged and show
significant structural breaks, which can impede our estimation of tail risk.
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Figure 2. Estimated Volatility from SVCJ], TGARCH, and RiskMetrics Models

3.3. Out-of-Sample Validation

We proceed with an out-of-sample comparison of the risk measures and forecasting ability of the
two models, SVCJ] and TGARCH. Our benchmark model is the RiskMetrics (RM) of ].P.Morgan (1996).
The risk measures VaR and ES were estimated with a rolling window of T — 365 = 1328 daily
log-returns, and the remaining 365 days (24 March 2018 to 24 March 2019) are kept for out-of-sample
forecasts and accuracy checks. We then simulate 5000 returns paths from both models. For the
AR(2)-TGARCH(1,1)~Skewed t model, we used the Filtered Historical Simulation by first extracting
the standardized residuals using the volatilities to form a new set of innovations, which are then
utilized to obtain the conditional mean. For each return, these steps are repeated recursively to obtain
different simulated pathways, with 5000 draws from the standardized residuals to generate 1328 (same
as in-sample size) replicates of the returns.

Table 4 reports the out-of-sample backtesting results. The Christoffersen (1998) conditional
coverage test confirms that the two models SVCJ] and TGARCH accurately forecast the VaR as the
p-values are greater than 5%. There is an exception for XRP where TGARCH performs better for 1%
VaR. Although the RiskMetrics model displays forecasting accuracy, it occasionally fails to perform
accordingly for LTC and XLM cryptocurrencies. Speculative investors taking either a long or short
position in a cryptocurrency can generate accurate VaR forecasts using these two models.
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Table 4. Value-at-Risk backtesting results.

sv(j TGARCH RM

LR, VaR (%) ES (%) LR, VaR (%) ES (%) LR, VaR (%) ES (%)

1% Level
BTC 0.660 6.89 9.41 0.499 9.23 13.96 0.017 8.91 13.24
XRP 0.047 11.34 16.74 0.993 9.62 12.36 0.476 12.90 19.53
LTC 0.177 11.45 17.05 0.407 12.74 19.80 0.017 11.72 19.00
XLM 0.053 15.99 22.43 0.408 10.13 12.60 0.047 14.38 21.35
XMR 0.289 10.76 15.13 0.289 10.94 14.67 0.940 15.11 21.96
DASH 0.083 9.42 13.67 0.452 11.91 15.85 0.256 13.57 19.77
BCN 0.098 17.79 24.78 0.365 18.10 20.75 0.630 24.62 37.38

5% Level
BTC 0.401 2.49 5.09 0.998 4.38 7.52 0.181 4.67 7.55
XRP 0.623 4.34 8.65 0.499 4.85 7.70 0.913 6.94 11.07
LTC 0.446 5.04 9.10 0.842 5.74 10.25 0.001 5.88 10.06
XLM 0.239 5.38 11.57 0.457 5.17 7.87 0.150 7.99 12.40
XMR 0.296 3.49 7.89 0.159 5.94 8.96 0.163 8.37 12.94
DASH 0.404 3.66 7.13 0.235 6.78 9.85 0.649 7.54 11.69
BCN 0.050 5.75 12.61 0.348 10.20 14.50 0.256 13.02 21.04

Christofersen’s test p-values and average values of the VaR and ES forecasts are displayed under SVC]J,
AR(2)-TGARCH(1,1)~Skewed t, and RiskMetrics (with a decay factor of 0.94). Bold p-values below 5% rejects
the null hypothesis of correct exceedances and independence of violation sequences, and hence represents
inaccurate VaR estimates.

Given the accuracy of the models, Table 5 reports the zero mean test of excess loss provided
that the model first passes the test for VaR. The results indicate that the predictive power of SVC]
model is better than TGARCH and RM models at the 5% level (many of the p-values are less than
5%). One possible explanation of such a finding is that TGARCH and RM models’ forecasting have
less significant gains over the forecasts of the SVC] model. This particular evidence supports our
prior that accounting for jumps in returns and volatility is a reason for the SVC] model’s superior
predictive power.

Table 5. Expected Shortfall backtesting results.

1% Level 5% Level

SvCJ TGARCH RM SVC] TGARCH RM
BTC 0.334 0.798 Fail 0.137 0.610 0.703
XRP Fail 0.999 0.999 0.701 0.871 0.708
LTC 0.996 0.999 Fail 0.881 0.998 Fail
XLM 0.685 0.999 Fail 0.984 0.940 0.390
XMR 0.753 0.509 0.923 0.281 0.788 0.896
DASH 0.539 0.533 0.920 0.000 0.982 0.234
BCN 0.546 0.865 0.957 0.571 0.971 0.907

Results of the zero mean test for the excess loss, provided that the model generates accurate VaR estimates.
p-values are reported at 1% and 5% risk levels for the cyptocurrencies. p-values below 5% indicate inadequacy
of the model for estimating ES.

Table 6 summarizes the test of the best performing model with respect to the quantile loss function
of Angelidis et al. (2004). For each cryptocurrency and confidence level, we present the loss differential
B and the p-values of the zero median test of Sarma et al. (2003). When p-values are less than 5%,
it implies that two competing models are significantly different from each other in terms of estimating
risk. The opposite implies that the two competing models are not significantly different from each other,
with respect to the quantile loss function. Hence, regulators and risk managers remain indifferent
between these two models. The results suggest that, at the 5% level, the SVC] model is better than
TGARCH and RiskMetrics models because it produces lower economic losses. At the 1% level, some of
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the results show that a risk manager is indifferent between the models for VaR estimation. For instance,
for Bitcoin and Stellar, SCV] and TGARCH models are not significantly different from each other, with
respect to the quantile loss function. For the same cryptocurrencies, these two models are performing
better than the RiskMetrics model. Therefore, as far as loss is concerned, a risk manager would prefer
either SVCJ or TGARCH model over RiskMetrics.

Table 6. Quantile Loss Function test for the best model for VaR estimates

SVCJ vs. TGARCH SVCJ vs. RM TGARCH vs. RM
B p-Value B p-Value B p-Value
1% Level
BTC 277 1.0000 sv(Cj TGARCH
XRP TGARCH RM 4 0.0000
LTC 155 0.0023 svCJ TGARCH
XLM 287 1.0000 sv(J TGARCH
XMR 176 0.2480 100  0.0000 8 0.0000
DASH 147 0.0001 105  0.0000 56 0.0000
BCN 234 1.0000 162 0.0159 12 0.0000
5% Level
BTC 93 0.0000 209  0.9975 147 0.0001
XRP 86 0.0000 85  0.0000 2 0.0000
LTC 131 0.0000 112 0.0000 157 0.0034
XLM 185 0.6030 svCJ TGARCH
XMR 95 0.0000 27 0.0000 0 0.0000
DASH 77 0.0000 40  0.0000 46 0.0000
BCN 130 0.0000 96  0.0000 43 0.0000

B statistic and p-values, at 1% and 5% risk levels are reported for the cyptocurrencies. p-values below 5%
indicate that the difference in the performance of models is significant. If one model fails the previous backtest,
we then report the other prevailing model.

Overall, as noted earlier in Table 5, there is a gap between the quantities of risk measured by
VaR and ES at the 1% and 5% confidence levels. This suggests that ES gives a more accurate measure
of risk than the traditional VaR measure. This finding seems to support the recommendation from
the Basel Committee on Banking Supervision (2013) that banks use ES in lieu of VaR, and that there
should be a recalibration of the confidence level for consistency and accuracy of the risk measure.
In terms of the forecast accuracy, our results show that SVC] and TGARCH generate better forecasts at
the 1% level then RM. This evidence clearly supports the notion that fat-tailed volatility models can
predict risk more accurately than non-fat-tailed models. In summary, the combination of jumps in
returns and volatility in a stochastic model yields the most accurate VaR forecasts for the majority of
the cryptocurrencies studied in this paper.

4. Conclusions

It is now a widely accepted view that risk models should account for the stylized facts of the
data in order to be successfully validated. Estimating risk was mainly performed on many financial
asset markets but not on the emerging cryptocurrency market, which has been proven to be extremely
volatile. Typical volatility models may not adequately provide an accurate representation of the
cryptocurrencies volatility process for successful risk management purposes. In particular, risk models
must be able to capture the cryptocurrencies volatility process that includes stochastic volatility,
persistence in volatility, and jump process. All these stylized features are critical for capturing
unpredictable and large movements in the price process and for accurately predicting tail risk and
expected shortfall. There is limited research on this topic despite the fact that investors are exploring
how cryptocurrencies can be integrated into a portfolio along with other traditional assets such as
stocks, bonds, currencies, and commodities. Choosing a proper model that provides a parsimonious
representation of the distribution of the return-generating process is the first step.
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In this paper, we identified risk models for the cryptocurrency market and evaluated their
performance for validation purposes. We evaluated models based on stochastic volatility with co-jumps
in returns and volatility (SVC]), threshold GARCH volatility (TGARCH), and RiskMetrics. Backtesting
methods using the conditional and unconditional coverage were performed to test the validity of the
models, and the regulatory loss function was applied to choose the most accurate model.

The validation results reveal that, although the models considered in this paper are effective for
fitting the cryptocurrency returns, the SVCJ model more accurately forecasts risk in a VaR and ES
sense, and the reality check proves its superiority over TGARCH and RiskMetrics models. Therefore,
incorporating jumps in the cryptocurrency volatility model improves the forecasting ability of risk
in terms of VaR and ES. This is important for risk-averse investors and for speculative investors who
are particularly interested in hedging their risk in a VaR sense. It is, therefore, recommended to use a
model that accounts for jumps, leptokurtosis, and leverage effects when dealing with cryptocurrency
market data. Such a model improves risk forecasting in terms of VaR and Expected Shortfall.

The results in this study have several implications for applying the SVC] model to other assets
including commodities, foreign currencies, and stock market indices, especially in times of stress.
The global financial market has seen unprecedented volatility in recent days, given falling oil prices
and concerns related to the COVID-19 pandemic. It would be interesting to see if such wild swings in
the market can be studied using the SVC] model to incorporate the co-jumps in returns and volatility
affecting the measurement of VaR and Expected Shortfalls in the contagion like period that we now
have. We leave that for a future study.
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Appendix A

Table A1l. Volatility estimates.

14 of 18

GARCH GARCH IGARCH IGARCH TGARCH TGARCH GJR-GARCH GJR-GARCH
~t ~ Skewed t ~t ~ Skewed t ~t ~ Skewed t ~t ~ Skewed t

Bitcoin (BTC)
ag 0.191 (0.048) 0.140 (0.058) 0.191 (0.048) 0.140 (0.057) 0.175 (0.032) 0.093 (0.040) 0.197 (0.050) 0.149 (0.056)
m —0.021 (0.026) —0.021 (0.026) —0.022(0.026) —0.021 (0.026) —0.051 (0.023) —0.055 (0.018) —0.031 (0.031) —0.032 (0.027)
a, —0.043 (0.025) —0.044 (0.025) —0.043 (0.025) —0.044 (0.025) —0.059 (0.014) —0.061 (0.024) —0.048 (0.023) —0.050 (0.025)
w 0.205 (0.090) 0.210 (0.089) 0.203 (0.077) 0.207 (0.077) 0.063 (0.030) 0.066 (0.032) 0.169 (0.175) 0.173 (0.085)
o 0.171 (0.024) 0.173 (0.024) 0.171 (0.023) 0.173 (0.023) 0.254 (0.053) 0.271 (0.061) 0.195 (0.032) 0.197 (0.030)
B 0.827 (0.025) 0.825 (0.025) 0.828 (NA) 0.826 (NA) 0.857 (0.021) 0.852 (0.020) 0.839 (0.049) 0.837 (0.027)
0% —0.141 (0.073) —0.136 (0.071) —0.073 (0.041) —0.073 (0.032)
shape 3.385 (0.240) 3.401 (0.242) 3.377 (0.191) 3.393 (0.193) 2.517 (0.216) 2.473 (0.218) 3.417 (0.284) 3.441 (0.246)
skewness 0.951 (0.030) 0.951 (0.030) 0.930 (0.027) 0.951 (0.030)
LogLikelihood —3333.9 —3332.6 —3333.7 —3332.4 —3315.8 —3313.3 —3331.4 —3330.2
AIC 5.035 5.034 5.033 5.033 5.009 5.007 5.033 5.032
Ripple (XRP)
ag —0.256 (0.067) —0.161(0.083) —0.256 (0.067) —0.162(0.082) —0.220(0.054) —0.117(0.041) —0.250 (0.068) —0.156 (0.083)
a 0.001 (0.028) 0.001 (0.029) 0.001 (0.028) 0.001 (0.028) —0.011 (0.028)  —0.098 (0.028) 0.004 (0.028) 0.005 (0.028)
a, —0.040 (0.023) —0.035(0.025) —0.040(0.022) —0.035(0.025) —0.047 (0.017) —0.042 (0.025) —0.041 (0.023) —0.035 (0.025)
w 1.940 (0.776) 1.843 (0.766) 1.932 (0.671) 1.834 (0.663) 0.617 (0.196) 0.632 (0.201) 2.033 (0.806) 1.933 (0.808)
o 0.375 (0.072) 0.364 (0.073) 0.374 (0.071) 0.364 (0.072) 0.640 (0.140) 0.634 (0.139) 0.425 (0.092) 0.411 (0.095)
B 0.623 (0.080) 0.634 (0.081) 0.624 (NA) 0.635 (NA) 0.625 (0.051) 0.620 (0.053) 0.615 (0.081) 0.627 (0.084)
0% —0.055 (0.064) —0.061 (0.064) —0.083 (0.041) —0.077 (0.032)
shape 3.025 (0.184) 3.036 (0.187) 3.023 (0.152) 3.034 (0.154) 2.370 (0.163) 2.383 (0.165) 3.014 (0.184) 3.021 (0.187)
skewness 1.062 (0.032) 1.062 (0.032) 1.057 (0.026) 1.062 (0.032)
LogLikelihood —3778.7 —3776.7 —3778.6 —3776.6 —3759.5 —3757.8 —3778.1 —3776.2
AIC 5.705 5.704 5.704 5.702 5.678 5.672 5.706 5.705
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Table A1. Cont.

GARCH GARCH IGARCH IGARCH TGARCH TGARCH GJR-GARCH GJR-GARCH
~t ~ Skewed t ~t ~ Skewed t ~t ~ Skewed t ~t ~ Skewed t

Litecoin (LTC)
ap —0.027 (0.034) 0.043 (0.055) —0.027 (0.044)  0.043 (0.055) —0.028 (0.040) 0.046 (0.054) —0.021 (0.044) 0.054 (0.055)
a —0.084 (0.024) —0.083 (0.022) —0.084 (0.022) —0.083(0.022) —0.086 (0.021) —0.081 (0.022) —0.086 (0.022) —0.083 (0.022)
ap —0.057 (0.021) —0.076 (0.021) —0.075(0.021) —0.076 (0.021) —0.071 (0.021) —0.072 (0.021) —0.075 (0.021) —0.074 (0.020)
w 0.181 (0.087) 0.182 (0.085) 0.179 (0.081) 0.180 (0.081) 0.126 (0.058) 0.125 (0.059) 0.139 (0.070) 0.146 (0.071)
« 0.115 (0.027) 0.115 (0.020) 0.116 (0.018) 0.116 (0.019) 0.448 (0.066) 0.421 (0.095) 0.139 (0.024) 0.143 (0.026)
B 0.883 (0.036) 0.883 (0.020) 0.883 (NA) 0.883 (NA) 0.859 (0.021) 0.859 (0.021) 0.900 (0.017) 0.900 (0.017)
0% —0.158 (0.086) —0.169 (0.087) —0.083 (0.023) —0.086 (0.024)
shape 2.677 (0.119) 2.679 (0.118) 2.670 (0.075) 2.672 (0.075) 2.102 (0.006) 2.117 (0.038) 2.639 (0.114) 2.631 (0.114)
skew 1.063 (0.030) 1.063 (0.030) 1.056 (0.028) 1.067 (0.031)
LogLikelihood —3610.6 —3608.4 —3610.4 —3608.1 —3588.6 —3586.5 —3604.0 —3601.5
AIC 5.452 5.450 5.450 5.448 5.420 5.419 5.444 5.441
Stellar (XLM)
ag —0.407 (0.089) —0.162(0.111) —0.407 (0.089) —0.162(0.111) —0.385(0.074) —0.098 (0.040) —0.384 (0.090) —0.140 (0.113)
a —0.156 (0.028) —0.162 (0.028) —0.156 (0.028) —0.162(0.028) —0.157 (0.025) —0.157 (0.041) —0.154 (0.028) —0.156 (0.028)
a» —0.061 (0.025) —0.056 (0.024) —0.061 (0.025) —0.056 (0.024) —0.062 (0.028) —0.048 (0.019) —0.057 (0.025) —0.050 (0.025)
w 3.069 (1.197) 3.046 (1.101) 3.057 (1.127) 3.037 (1.071) 0.490 (0.179) 0.474 (0.158) 3.395 (1.246) 3.377 (1.174)
« 0.272 (0.058) 0.267 (0.056) 0.272 (0.055) 0.268 (0.051) 0.305 (0.065) 0.271 (0.054) 0.341 (0.080) 0.332 (0.080)
B 0.726 (0.058) 0.731 (0.052) 0.727 (NA) 0.731 (NA) 0.760 (0.048) 0.775 (0.043) 0.711 (0.056) 0.718 (0.051)
0% —0.195 (0.086) —0.222(0.089) —0.106 (0.074) —0.097 (0.073)
shape 3.073 (0.215) 3.090 (0.224) 3.069 (0.167) 3.086 (0.170) 2.738 (0.225) 2.852 (0.244) 3.043 (0.217) 3.046 (0.224)
skew 1.141 (0.039) 1.141 (0.039) 1.145 (0.033) 1.138 (0.039)
LogLikelihood —4243.1 —4235.6 —4243.1 —4235.5 —4237.9 —4230.5 —4241.9 —4243.5
AIC 6.405 6.395 6.404 6.394 6.399 6.389 6.405 6.395
Monero (XMR)
ag —0.064 (0.127) 0.153 (0.154) —0.067 (0.126)  0.152 (0.155) —0.021 (0.127) 0.218 (0.106) —0.031 (0.130) 0.183 (0.156)
m —0.044 (0.025) —0.044 (0.024) —0.044 (0.026) —0.044 (0.026) —0.054 (0.027) —0.053 (0.025) —0.044 (0.026) —0.043 (0.028)
ap —0.024 (0.026) —0.023 (0.026) —0.024 (0.026) —0.023 (0.025) —0.031 (0.026) —0.027 (0.023) —0.024 (0.025) —0.021 (0.026)
w 3.852 (1.275) 3.633 (1.232) 3.810 (1.271) 3.570 (1.228) 0.601 (0.181) 0.569 (0.177) 3.838 (1.265) 3.655 (1.235)
n 0.235 (0.053) 0.224 (0.051) 0.244 (0.042) 0.236 (0.042) 0.199 (0.036) 0.193 (0.035) 0.265 (0.064) 0.255 (0.063)
B 0.754 (0.042) 0.762 (0.042) 0.755 (NA) 0.763 (NA) 0.785 (0.039) 0.794 (0.038) 0.756 (0.042) 0.764 (0.042)
0% —0.185(0.094) —0.183(0.093) —0.076 (0.058) —0.072 (0.056)

15 of 18
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Table A1. Cont.

GARCH GARCH IGARCH IGARCH TGARCH TGARCH GJR-GARCH GJR-GARCH
~t ~ Skewed t ~t ~ Skewed t ~t ~ Skewed t ~t ~ Skewed t

shape 3420 (0.365)  3.486(0.374)  3.358(0.254)  3.395(0.264)  3.432(0.365)  3.487(0.371)  3.448(0.371)  3.503 (0.378)
skew 1.094 (0.039) 1.094 (0.039) 1.104 (0.036) 1.094 (0.039)
LogLikelihood —4324.1 —4320.9 —4326.7 —43229 —4324.1 —4321.0 —4323.2 —4320.1
AIC 6.527 6.524 6.533 6.529 6.526 6.523 6.527 6.524
Dash (DASH)
ag —0.057 (0.094)  0.166 (0.116) —0.057 (0.044)  0.166 (0.166) —0.089 (0.063)  0.103 (0.069) —0.074 (0.095)  0.144 (0.116)
a —0.058 (0.028) —0.049 (0.028) —0.057 (0.028) —0.049 (0.028) —0.061 (0.024) —0.062 (0.020) —0.058 (0.027) —0.052 (0.027)
a» —0.055(0.026) —0.055(0.026) —0.055(0.026) —0.055(0.026) —0.065 (0.020) —0.064 (0.017) —0.054 (0.026) —0.055 (0.026)
w 2779 (0.814) 2616 (0.770)  2.777(0.809)  2.615(0.770)  0.481(0.140) 0448 (0.130)  2.680 (0.788)  2.486 (0.734)
P 0.290 (0.058)  0.275(0.056)  0.291 (0.045)  0.276 (0.043)  0.292 (0.047)  0.268 (0.042)  0.244 (0.054)  0.227 (0.051)
B 0.708 (0.045)  0.723 (0.043) 0.708 (NA) 0.723 (NA) 0741 (0.040)  0.755(0.038)  0.711(0.044)  0.725 (0.042)
0% —0.141 (0.073) —0.136 (0.071) —0.073 (0.041) —0.073 (0.032)
shape 3.313(0.293)  3.342(0.309)  3.309 (0.226)  3.336(0.292)  3.147(0.296)  3.246 (0.313)  3.367(0.292)  3.419 (0.310)
skew 1.127 (0.039) 1.127 (0.039) 1.118 (0.035) 1.129 (0.039)
LogLikelihood —4071.2 —4065.3 —4071.2 —4070.6 —4069.1 —4064.0 —4070.3 —4064.3
AIC 6.145 6.139 6.145 6.140 6.145 6.138 6.146 6.139
Bytecoin (BCN)
@ —0.015 (0.147)  0.184(0.180)  —0.011(0.145)  0.199 (0.182)  0.049 (0.147)  0.308 (1.002)  —0.009 (0.149)  0.203 (0.183)
a —0.221 (0.028) —0.220 (0.028) —0.221 (0.028) —0.220 (0.028) —0.240 (0.027) —0.235(0.026) —0.221 (0.028) —0.219 (0.028)
a —0.034 (0.026) —0.033 (0.026) —0.034 (0.025) —0.034 (0.026) —0.038 (0.025) —0.036 (0.143) —0.034 (0.026) —0.033 (0.026)
w 8.810 (2.772) 8.472 (2.630) 8.972 (3.038) 8.589 (2.891) 0.829 (0.255) 0.794 (0.244) 8.795 (2.754) 8.496 (2.610)
P 0.199 (0.052)  0.193(0.050)  0.242 (0.045)  0.237 (0.044)  0.169 (0.034)  0.167 (0.039)  0.205(0.059)  0.207 (0.059)
B 0.759 (0.046) 0.764 (0.044) 0.757 (NA) 0.762 (NA) 0.806 (0.039) 0.810 (0.038) 0.760 (0.045) 0.765 (0.043)
y —0.159 (0.120)  —0.197 (0.161)  —0.016 (0.066)  —0.033 (0.064)
shape 3.290 (0.336)  3.345(0.350)  3.045(0.198)  3.075(0.204)  3.346 (0.340)  3.398 (0.363)  3.294(0.337)  3.351(0.352)
skew 1.065 (0.034) 1.064 (0.034) 1.078 (0.117) 1.067 (0.035)
LogLikelihood —4737.8 —4735.9 —4738.3 —4736.5 —4738.3 —4735.8 —4737.8 —4736.8
AIC 7.151 7.149 7.150 7.149 7.153 7.151 7.152 7.152

Estimation results of various GARCH volatility models with t and Skewed ¢ errors for the cryptocurrencies are reported in this Table. For each parameter, we report the standard

errors in parentheses and bold indicates insignificance at 5% and 1% levels. Higher LogLikelihood and lower AIC indicate the best fit model for cryptocurrencies.
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