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Abstract

Objective: Cryptocurrency returns exhibit heavy tails, strong volatility clustering, and
sudden, asymmetric jumps and crashes, making tail risk difficult to measure in this
market. Value at Risk (VaR) indicates only the loss threshold that is exceeded with a
given probability, whereas Expected Shortfall (ES) also quantifies the magnitude of
losses beyond that threshold. Because ES can be evaluated only jointly with VaR, the
two are best forecast together. This study evaluates and compares the performance of
the semiparametric CAViaR—CARE model, in which VaR and ES are estimated jointly
using the asymmetric Laplace distribution, in the cryptocurrency market. The central
question is whether combining CAViaR dynamics for VaR with a CARE structure for
ES can provide a competitive and credible framework for measuring tail risk in a
market marked by extreme volatility, heavy tails, and volatility clustering.

Method: The data consist of daily returns on six selected cryptocurrencies (Bitcoin,
Ethereum, Ripple, Litecoin, Binance Coin, and Cardano) from early January 2018 to
early January 2026, yielding 2,925 observations per asset. VaR follows an asymmetric-
slope CAViaR process that responds separately to positive and negative returns. ES
follows its own autoregressive path, and all parameters are estimated in one step by
maximizing the asymmetric Laplace quasi-likelihood. Using a 1,825-day rolling
window, we produce 1,100 one-day-ahead forecasts at the 1% and 5% risk levels and
compare them with historical simulation (HS), filtered historical simulation (FHS),
GARCH-t, GJR-GARCH, GARCH-EVT and the model of Taylor (2019). The Kupiec,

Received: 5,June,2026 Accepted: 22,September,2026

* Ph.D. Candidate in Finance, Department of Financial Markets and Institutions, Faculty of Accounting and Finance, College of
Management, University of Tehran, Tehran, Iran (Corresponding Author). E-mail: R.mohammadipour@ut.ac.ir

** Professor, Department of Financial Markets and Institutions, Faculty of Accounting and Finance, College of Management,
University of Tehran, Tehran, Iran.

*#* Associate Professor, Department of Financial Engineering, Faculty of Accounting and Finance, College of Management,
University of Tehran, Tehran, Iran.


https://doi.org/10.48308/jfmp.2026.245330.1615
https://jfmp.sbu.ac.ir/

WY

VF8 Jlo—(1)18 6555 — o Sy ke it

Christoffersen, dynamic quantile, and McNeil-Frey backtests assess forecast
adequacy; the asymmetric Laplace (AL), Fissler—Ziegel (FZ), and Acerbi—Szekely
(AS) scoring functions rank the models; and the Diebold—Mariano (DM) test and the
model confidence set (MCS) identify which differences are statistically reliable. We
also separately examine how the length of the estimation window, ranging from 1,100
to 2,200 days, affects the results.

Findings: The descriptive statistics show high volatility, heavy tails, and asymmetric
behavior in the returns of all six cryptocurrencies, indicating the need for dynamic,
tail-focused models in this market. In the backtests, CAViaR—CARE is the only model
that passes the Kupiec test across all twelve asset-risk level combinations. Its violation
rate lies between 1.00% and 1.55% at the 1% level and between 4.82% and 5.55% at
the 5% level. It passes 28 of 30 backtests at the 1% level and 29 of 30 at the 5% level.
By contrast, the GARCH-type models, FHS, and HS are clearly too conservative at the
5% level. CAViaR—CARE also has the lowest average loss under all three scoring
functions and, like Taylor's model, remains in the MCS for every asset and every
criterion, while HS drops out of the set in 19 of 36 cases. That said, most of its
differences from FHS, GARCH-EVT, and Taylor's model at the 1% level are not
statistically significant, although no competitor is significantly better in any of the 216
DM comparisons. When the window length changes, its violation rate stays between
1.26% and 1.40% at the 1% level and between 5.01% and 5.17% at the 5% level, and
it stays in the MCS in 143 of 144 cases, but its first place in the rankings does not
survive every window length.

Conclusion: The results suggest that CAViaR—-CARE can serve as a dynamic,
semiparametric, and credible framework for jointly forecasting VaR and ES in
cryptocurrency markets. However, no model examined is uniformly superior across
all assets and tests; performance varies by asset, risk level, and evaluation criterion. Its
main strength is stable coverage close to the nominal level, which matters when VaR
1s used to set margins or trading limits, because an overly conservative model ties up
more capital than needed. For practitioners, the message is that backtesting should be
combined with joint, consistent scoring functions, and that the best-performing
models, when they are statistically indistinguishable, are better used together as a set
than replaced by a single “winner.”
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4. Expected Shortfall

5. Historical Simulation (HS)

6. Filtered Historical Simulation (FHS)

7. Generalized AutoRegressive Conditional Heteroskedasticity (GARCH)
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10. Conditional Autoregressive Value at Risk (CAViaR)
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23,5 oS dlis 4,505 (glasgl; ;I (Botshekan et al., 2019) 0,8 cpillidus 5 (Slow Sy A8l 15y
Jion Bl lio slagas LI ES 5 VaR (Lol sloaifin s 5 iteo 555 cgn (silotars |
5| RiskMetrics oo, calllae slon y3 £53,8 590 1 6506g8" Sloj 53 Lol edlaio (69,850 (gjlamwduid
(Nilchi & Farid, 2023) 1,8 5 (2 .l 0uid 503y b Jdo aiald 3] gla Lo j> .le e g, 90
tleslim 03 9 92,8 35l S gy 4y sz Jloy g Codguil t sl b Bl oW slo e
250505 b 2yl postin Sl St digy Swiz 5 SsS clapygnfl b (b yd Sy (om0 o 5yl s VaR
SleMbl (6,8, a a8 abby L5 (Kordbacheh et al., 2023) s)s0l g Julj cdzud S .aiz8ls S
O3 piee YU ) ST a3l VaR (i e8> Taslygiod U5 Jae IS 5 (59)009°

1. Stochastic Volatility
2. Realized GARCH
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1 s Gl dmte 3 (okee e S (Sgz el 45 ol (L5 ciges
el 0351 (59) > (ko 5 Shiz mrdtns (gjlusJie & sl FSa5 1Sl imeh 4 &S g by
sl f0] ot U392 bgpe Sy Calyas & sty ol plos Jk 3 (S (g0 )S) (slo3,0)l8" (s
Oo—yS 395> Jaw L (Khiabani & Mohammadian Nikpey, 2018) oS jbdaswe 5 SLls iges
033 Allis 4 (gybline yobas il (soitasur SlaSgud a5 0y lts (Swix ayu0 STy @5 5 VAR ()
OH&ed 5 53l SO ol )b by sla Jie (Khodam et al., 2021) oo (gyoe> 9 iyl )yl

S o i e 0y sl sy 5 )8 sl s 3l e ) ES b Jas cpl aS sl i g a6
Mohammadi Salari ) -, Ken g (5,¥lw (gaome )8 @lio cpl Coxyls & J5b Cldllas oy 3 So 35
I, (Taylor, 2019) izl (MY slécew pacs L ES-CAViaR Jao bl .ol (et al., 2021, 2025
Ol 9 90,5 S 5 59300950 4L sljline b (6)lSSL canino (sl 505 )l 9 S a3 La i b S
Mousavi ) 4,Ken 5 (35w (s5wgo .add o i3l |y ES s VaR o i ol bajlas ol 45" 0l
Saodil g Gas e «ioolisS slaadlie duodjl T ab aujos Ly 3,50, opmed (Sarhadi et al., 2023

Rostami et al., ) wlbe 5 wly (ot ( blao jd .3yl SaoslisS baes suple ES a8 aibly s g szl )
52 5 Ol wos IS a3 gl YalS (e sloJoe Lo pionsy CAVIR Juo awolio ) (2025
o Sty |y by Stz ol Lo Je | Sogen 457 (55b 4y i) odimd biis (clae 4 (2B (a3l
Gllasl 48 455 o (55l 4l ol ol 5Lt LSy iz pes ST clbS o 4 CAViaR wix o sl
sloggeil bl of 9Sles 5 08 o (o i |y Cyy ()b Sy 35 03954 (S Jae Sy

IRVE SR SR FCICW

VaR icig cbgejl 4 b Jse o)byd (6yghd cnldllas i ) Bl Jgo5 10 losl ol 13 obj,l ogeid
honlyg5 5 g5l el 805 s (6 i Ko ygojl b Laitd L oaiis olosT s Mol b ES g oile gia
ol yd oaisad s clay Jde &S Kdgy JI,Siimg winss I (Saranj & Nourahmadi, 2016, 2017)

Mohammadi Salari et al., ) o,Se2 g (5;YL o (gdome g 13,8 (gauasy MCS gy b day alsyo o 1)

b alia (sl Ml () > 85 5 ol ol (b NS Ty e o0 BS i) 3 (2021
95 Slr Ejlw (2ojlitel @l 03lgls 5l gl 9 391> a9 (slolaj ale caidass) J€ 4l Jaa sanas)
a8 Canlize ol oyl (Fissler & Ziegel, 2016) [ g pluwsd aeis & a5 b .09y 05 jlos 4 ES 4 VaR
& 2l ool 03l S iy (232 ey S log) 5] i (ke (092 a8
4 VaR lojl s aouss o w0y Lis (Rastegar & Hemati, 2022) gob g K, .cowl obj)) ok

2 ‘L)’] d9>9 ‘J ..))‘.) u.iu.«.: .))91).3 &9) L WJLA Lged p> g Conl wl.wb uLwo.Io] C.\a_w 9 uyo)] Dgod por>
sl 035 ()15 @ 2 25l 0y Jobo B piay 4S5 y950 o Sllllas

1. Gram—Charlier Expansion
2. Generalized Autoregressive Score (GAS)
3. Spectral Decomposition
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Olwss 525w BEKK-GARCH Juo L (Shokri et al., 2021) pade shsls 5 (g3l y0lid Clorus (5,505 .ol
Bl Oy & 200 Lot 9 0008 ey o Jly & B i Sl e ) b liey S0d 4 (ngSicn
by (Swwod Jdo b (Moein Namini & Mohseni, 2023)  susce g (dusd(pro dusy oo (53 5 (3265 29
€ aleys 5 10,5 sali ]y (S 5 iy psns S olon ol by (sloyy s (DCC) Ly
b cpl 0900 (sdiSug s ABd o s &S sladly 94, 0 YU by ol slaoyed o b Sl pl  Siusen
S8 50 (65 S OB 0)l)d 3 o Ed Sl 358 LS e s o i oS lej > e
S asl > (Mozaffari et al., 2022) sl_sgue 5 (Mol g yalas s LSS 2ls ¢ Slpl JliSale, w

)8 sl Jio L (Eskandari et al., 2024) l,Sen 5 (g uiSwl a5 Jb 50 s Sy 0dind i idsy
A i |y 45w g o )3 (I le s Sy lgi 0 a5l g (pgS Cun 4 MBS donl 0 pusta ki
5SS jlens s s o gundgs |y M -yl wbq\fkbl Wged 0)9d 5 Sy iy iy )d Ggles
VaR (Samavi et al., 2022) - ,)Ken 5 (galow ilazidly p j)lie ) Sy i 4 J5b oldlas
& B Gimgh o pconp S (Bozorgtabar Baei et al., 2024) o3l J5 ¢ obis Bl SbW5S, 5
oty S o (g jlsJe Logiians |y Sz 48 ola Jubo 48 w0y (LS g 13,5 o siw '(DQR) Ly Sis
@ 3 adllas OT Lol el s ot yudls imgdy (Lol 050l b daseis cpl S o Jos Jglite (sl Jie I oo

o) ob)ﬁj u.)l.’))‘ lJ .))91).3 I) ES 9 o35lo >9x>u VaR

39l (sl )3l g o 000D iS5y 31 sl )d caudpeidp () Slodl (gl Y=Y 5w 0 oS el
ik 4 i Lol loss o3g03] a5 wygr 33 ¢ylials WY e (sla Jse 0390 ES 9 VaR S piio
9 ES 5 VaR z4; (¢ly 550w (bl milgi p iaS ba oo dunlio 35 oylyed oy Oldllas jd (> .iled S
b 3590y 5l e nlpe g 0y Job 4 guls Cuwlws g 4l 45 DM aile (g)obine sl g0
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leflom b plojen |y a8 oo (smoter Seytehlideg Jao Sy Ly Syide joboas |y Lol 550,
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ol 550y i 4l 035l Jelis addllas oyl )5 edlatul 3y90 (slaodly 033U (g lof g 509 9 LoBID
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1. Dynamic Quantile Regression (DQR)
2. BTC, ETH, XRP, LTC, BNB, ADA
3. https://www.coingecko.com/

4. Tether
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Table 1. Descriptive statistics of daily cryptocurrency returns (2 January 2018 to 4 January 2026)

Q¥(10) JB N R U O It I QTR PR RPN
I

77.2%** 18,834 %*** 15.333 -0.865 17.603 -43.371 3414 0.058 0.064 2925 BTC
106.6%** 16,101 %** 14.377 -0.888 21.941 -56.308 4518 0.075 0.048 2925 ETH
174.9%** 33,490%*** 19.590 0.376 54.447 -54.955 5.365 -0.042 -0.005 2925 XRP
140.7%** 9,027*** 11.545 -0.578 30.107 -47.138 4.854 0.029 -0.035 2925 LTC
451.0%** 182,687*** 41.744 0.894 75.588 -57.194 5.157 0.104 0.157 2925 BNB
145.3%** 11,406%** 12.684 0.208 54.773 -52.440 5.361 -0.025 -0.022 2925 ADA

=94 0)lal Q2(10) g 1Sl 9051 0,lel IB Ll o0 (45,135 (1jle &) pl sy guods ( SS Camsl duoyd 4y A g disaS ¢lamo 1yl cilio ¢ Sko
o) ) e )0 (g oline s fCuol g Vo b odjl mipe (gl WS

Glyool a5 @ygmo ol dr ol b ol (SaS T Lol ol S5 yio 4 b oyl den aljg, 035b 1Sile
oSl oseil 5 casl (s Guiinle gl FVY 5 cgSeaY i WO G (St ol jimly 2oy -FY
Ljung ) " wSb—=Kgd o,le] .S 0 5y dids 3)lg0 dads 13 1y Waodjb 09 Loy (Jarque & Bera, 1980)

Sl gy il &S Cowl jbolime do)d Y e )3 (6w icd 2 y0 50 edjl @ye sl (& Box, 1978
Cuto gb)lS g cpS il iy 3 9 (e S Y g Pl (ngStn 3 (Sl losg ganaigs
W) Cuadl b i3y 050 4 Cute Sy sl ins b sl ol dsu e col
b joyel o)l 3lhae )35 (Sturan o i iged (gl M8 (o0 42y malitans j5bas 1) Jio QL n S 0l
& ke Ceodle (ol =+ /YY 9 =N o ol Gis cpl > in(Te—q, 0) cm jopd 03jb hke Lis
Cuto (50 b e (e (Stwod Cowl sy o el (liogs b3l §CS)5 Jopd (h5) 428 & Celins (]
|) ReY) )9) Ol__m?s LQW 29 LQL),\J))) R W RYALY 9 o/ O gmaX(T‘t_l, 0) = <)9).>.) b.))l.}
Cuto (S 9d & a8 o G s calizes sla ol)ld )0 5 cas 99 50 1 cpl cad Jg im0 il 38l

Fo bl 5,85k dalad ) b S o)d guwyS 095 ©yeods |) ES 9 VaR g san e colps bis g
WS (o g2 e (LiSTg b b (g5 S

T 0y L g Tadgad 1 )1 jods ol 00k Job QLRI g diged I )6 i b

5y MV 9055 o 3 DI VYT ol wd YV B YA agli V5l oyomy i wss e oo pldil 039, VAT
YAYD L Lo Juo dads c0y9d ol 5l 50y 32 50 cce ol (olijyl )90 oV ¥E augili ¥ LEY-YY sl V 5l coniloudly
(s8lg 035L oamliio I o 9 395 o0 a3lw ES 9 VAR 059, i g o0 359l g opaiis 0alitio

1. Jarque—Bera Test
2. Ljung—Box Test
3. Out-of-Sample
4. Rolling Window
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318 el VA 39 Lawsgio jsbody 0y 3 )3 (Job (nl b )ls j9mdn 050y (S )3 (Ko VoYY
o (Righi & Ceretta, 2015) by 5 30, ‘ol p3¥ dlod Jlub 3500 (clp a5 5 1 3939 do > V Sais

Slialie den OBl pl b pgd g5 o yoxie ES Slin s (slad gl 4 oligS (slimo oty a8 wilodly L
Va3 55 )90 HAE VY D9 (oLl sl Ge) WV e e—Sioe digel Sl ) b)) Bymo ol
5 ol (B (g)lol (sladunslio 5 Liudgy sloigeil (gl 4 S o ol 8 o) 0 e 5 (AE B0 § o>
4o sl (2bj)l )93 9 025y b cpgs IS o 2 3 1) Cenid Mol 5 05 (23l sleoyed s bl e)9
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Lol sl 5yl Sl ooy g A8 0o lusgiyg |y Allis 39l Lol 255 00 5o o bl b iy olisS
Vor e MVer laoyo L O-Y Lisu jd Gl cpl 51l o o5 alasls > gy Gt 1) 008 slaylyou

el 045 gy 059y YV +
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1] oo Cawd & Caste wlidie oy S5 4D pno opl Ly I ES o i
ES; = kmy, K= exp(zclog); k>0 (A ol

Gayb 3l Jde ol My Lol sl a8 )3 plodl (Taylor, 2008) CARE Jse gsus )5 095 ki3l 5| oo oy
Db se 355 VAR L lojan o (oils Jbo Jiws (sligy alles <5 b bogiiiane ES 995 03 3591y Lyl
92 M & Cad My oS ol 5148 4uss jloj Jsb ,3 VaR GIES alols ams o ojls] dolee g5 390 s
b oS b cupd So A8 Jos 53 9 Cans plyalolid bayal)l ol jl Al jobas K6 sl (s 3
g bl yal,akasle VaR 5l WL ES e dls o .Cul diusly KMy s Jols 4 kid BS o i )b
Do o dubly a5 1,80 ajgy ded 3 ES; < Qp < 0 03 plpls

Lo = (C, :81' :821 ﬁ3' m, Y1, V2, V3 Klog) ol )l 1 g 5lwosly Ol ja o S pube ")9‘)‘3
odnlie oo ((Taylor, 2019) 3. 0 3)9])’. Olejep yobdy Hliel WY sleicanyd o) 8 (gilwaiin
lJ Cal ){I).g é-’l-’ L)”‘ » t

O —Q)(a—1(: < Qp)
ol el Slis xb 1(9) 9 CARE dbleo >55 (ES¢) g CAViaR dblre (59)5 (Qf) A dlaly yo

o) DAL Jlre il plic w5 o] w8 g 0390 cute (ES;) &jlie el (ESy < 0) co s 45 oS

l,(8) =In(1 — @) — In(—ES,) — (A ek,

Je sl yelly e oalizul 33 ES 5 VaR e (it (2bil slp dosiably 35l 5 0o (oo
232 Guk 3l VAR wbam ol )3 055 00 359l 0 pliel oI plaican)d o )8 e (gjldiseS” 35k ]
slal> o9 (513 )Sy5) By sy 2g—bio 20502 )y (FES;) wlide abex 32)b SIES 5S> ol
oY JEe B o s (5lodinge Alts S5 3 CuaS 93 42 g 395 g0 drsslee VAR 30 51 g ES
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1. Burn-in Period
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Sz o) ileaies) oy plon g5y Sz g S) L oliel CAVIAR Jao lasio )], 5l VaR
ox) 99500 S 4 do)d ¥ dgds 1 SogS iliztl b g ] o cand a4 (ST Ve Sl g opjlel abads g b
e .cwliwlyen (Taylor, 2019) ,4ls 4 (Engle & Manganelli, 2004) LKl 4 S5l 090 b 4y,
0 g 3 [—0.08,—0.02] g ao)n ) o 3 [—0.12,—0.06] oL ;| 3l & )ygunds M Grosily
Kiog V3 B3 f1 € & S8 Jloy (Ll 139381 L a5 595 o JoaSS aylunar 3y dw b (el Jlo
5l i LS5 gl b leds plool ol )i L _bslar (slalba] des losd bl

V aw 5> Jite (Joe (ilwding Fo b ohls pa gl 5y90 5 1 oo (sddneS b alilie 9 (g5l
2950 pLsl 'L-BFGS-B bl g w68l b dloyo 93 )3 (glodingg e el oo yo

2y Aol Cgllacl (2l g U eelail lades 2 5S)5 (g b CnsS dls o @

(SLSQP) Jgia pyoess (55erelit sl b (65lotings 5 G385, 398 b oy St & g 51
)l blE aen le jd 1) Gan ol Hlade 268 a5 algx (bl 50 b oo el LEo Vb als yo SO L
2 5l bl wad o ptals 1) Callasli e dieS” S jo oplidl 15 Jleis] jolis opl de i 0 Szl o)l
WS g0d (o |y (6ol 40T (8L oo it aliinne

29l 0393 A 0y (59 o yielyly caigad Sl @5 g, 0 )3 tedged 51 E e 090 43 (Sl o sdu
Pl ST Sl 5 ol lian 53 9 I8 5oy sloyielly 1705 90 b dygl e codle sl po g oo
OVl g e 0l )y (S Sy losio 55l Jold (JolS 2502 S5 59y YOy g 35500
065 joboay JolS 3591 S g5 (6 puineli puano b A3l 3890L p,5 £95b (310,50 & yeo SLSQP
2o AY (3 g a0 )3 Y prdaws 13 3)l90 do )3 AS (5 jlidins ol \Ked Hlxe ( JolS (clas gl )3 g5 o oy sS0ls

1. Limited-memory BFGS with Bounds (L-BFGS-B)
2. Sequential Least Squares Programming (SLSQP)
3. Warm Start
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Table 2. Parameter bounds and optimization settings of the CAViaR—CARE model

Mo 3 0 g woyd ) g o ok
[1.244, 0.844] [1.244, 0.844] VaR caeily gl c
[0.40, 0.98] [0.70, 0.98] VaR 55 b1
[0, 0.60] [0, 0.35] VaR , couso odjbs il B2
[0, 0.60] [0.02, 0.90] VaR , L o)l Bs
[-0.10, -0.015] [-0.20, 0] ES juwe costoril s m
[0.30, 0.90] [0.30, 0.92] ES oo Bk V1
[0, 0.20] [0, 0.25] ES , ¢t o3jl 1 ¥y
[0.02,0.35] [0.02, 0.45] ES , Liwe ol il V3
[-0.5,0.1] [-0.5,0.2] ES Lolde cups o) Kiog
20=5x4 40=10 x4 (&3] 35512) (oo slag ot
250 + 500 300 + 600 (s + a5 dlo yo) L-BFGS-B |85 s
Er8 Y 59, V0 Er8 ¥ 59, V0 csloyg> JolS 21,
ISV ki ¥ SV ke Y Slig) p)S g9yt
150 150 ey 0y9d

sl 015 (BISS I y 0,0y (S 2513 (Sl slore (slasilodinge S5l 3,910 0200 0 A 25 Sz g

Sl bl 3,509, 030005 5 3y9l 0 Ceud & 0,500y (sW033l (228 > (Sole y Sz jlasiina |, ES
ol 015 itn st oo b |y nodiladly Liyo Skise g S o 55l g8 5 1 1y nejly FHS e
el 31 GJR-GARCH g a8 o bl | 05w sladllsy cosguul t mje5 L GARCH-t sy o
ks Jde a8 o 359 didlpuesd (695, @i b 1y oausd sl (slaosiladly allsy 45 ol (& Frey, 2000
i yd 2l b S e jobay I, ES § VAR (S ol baes o) op 5035 lgieas 55 (Taylor, 2019)

o 39l QLIS gy plam 5 25yl 0)9> Glam oy Glo L Jue dam S o 3500 (it oY

S npin ol enss Y ) 09500 pbsl Y a3 laJse (295 (2L B (b))
o gt S oy gy 5 Il (la 903l (Kupiec, 1995) ' SysS' oyt (b o905 b VaR
g o oy (Engle & Manganelli, 2004) Y(DQ) Ly Sais y9051 ¢ (Christoffersen, 1998)

o 25 (395 (slados (yuydgians S (Sl y90i] S o dunlie somsl o L |y o ja5 Jlgl 8 s (90l
LES colsS s b Wl o i BB asdS cleMbl b la o LT 45 a8 o awyp DQ (g0jl g Xiwis o0 |,
P ES jlosjl alols uSle (390 yiuo 48 395 o oduiuw (McNeil & Frey, 2000) ¥ ¢ o= oS 905!

ol 2103 0 nyga3l Ao (5 boliae e bolol oo °g3loyl5,5 395 dgy L]y L5 (slajy,

1. Kupiec

2. Christoffersen

3. Dynamic Quantile (DQ) Test
4. McNeil-Frey Test

5. Bootstrap
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st (AS) S ool hial 9 034 48" 4 (Taylor, 2019) ,4bs5 45 claasuin b (FZ) S0 = fud jLital
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ol G (x) = In(1 + exp(x)) 5 G, (x) = exp(x)/(1 + exp(x))

2 2 2 2
et Waqg W(ré —qi) (WY akal,
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oSl gm 15,55Ls ES 9 VaR zo; (slp @b duw o .ol oais 48,5 Jlai 0¥ plp Wocops o o &S
Fissler & Ziegel, 2016; Taylor, ) ksl ply (8ly polie b b sw i &5 25 b o aineS Sloj Lij
DS (o 318 dwliie (sliue W9l jl ) 0)93 5 jlitel (1Ske 9 sl g 3o line & yieS e (2019
ol gl yio ySlko 258 1 AL @b (58l oS Ll I iiloss drsslone Bl 3io0 03]l (5, lojlitel
o 93 12 5 @b a2 ) B Je jlitel (:50le i 9 2B )T 35 008 21053 50 035k g9y adslone
D) 8 s Sy
(Diebold & Mariano, 1995) b,le 5 Mgud 903l ;5 9 so 0390)] aesglis (ybolize pg—w aY
0o 5 dwloee oy = LEIVAl — [CAVIaR-CARE .. CAViaR-CARE 5 cudy Jio b J—olis
Newey & West, ) Cusg g 595 55950 b (uile)ly 99480 0390]] 48)bg> & p0; b5 ik gl s
ol by e gt 0bj sline 20 0 lel e jlaie 39500 y5lp VT guonas s im caiy YY 5 (1987

o)) Ar laebl b a8 08 o s |y (glas gesme ¢ Jio can ja ol ;I (Hansen et al., 2011) MCS s,

slogy 5 ouridsn sl (3l ,5355 5 (Thax) f251as oylel 51 gy cul szl )3 )l 1 3 1y Je o i
099y 9 DM y905] .l oais ooliul Vo bawgio Sl Jgb 9,15 ¥+ <+ L (Politis & Romano, 1994)
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1. Stationary Bootstrap
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Table 3. Summary of out-of-sample backtesting results under the 1,825-day rolling window

GhdiSe | umSun | O | Ses | (seb) piligy Jo g
by Sy
6/6 4/6 6/6 6/6 6/6 1.26 (1.00-1.55) CAViaR—CARE
6/6 4/6 6/6 6/6 6/6 1.20 (1.00-1.45) Taylor
5/6 5/6 4/6 6/6 3/6 0.58 (0.00-1.18) FHS
6/6 6/6 4/6 6/6 4/6 0.53 (0.09-1.09) GARCH-EVT Loy )
5/6 5/6 3/6 6/6 2/6 0.42 (0.00—1.00) GARCH-t
1/6 5/6 3/6 6/6 2/6 0.45 (0.00-1.18) GJR-GARCH
6/6 6/6 4/6 6/6 1/6 0.32 (0.09-0.55) HS
6/6 5/6 6/6 6/6 6/6 5.05 (4.82-5.55) CAViaR—CARE
6/6 0/6 5/6 4/6 5/6 5.47 (4.73-6.45) Taylor
6/6 4/6 2/6 6/6 1/6 3.36 (2.00-4.45) FHS
6/6 5/6 2/6 6/6 1/6 3.30 (2.82-3.82) GARCH-EVT BV A
6/6 2/6 1/6 6/6 1/6 2.91(1.91-3.91) GARCH-t
0/6 3/6 2/6 6/6 1/6 3.00 (2.18-4.00) GJR-GARCH
6/6 0/6 0/6 4/6 0/6 2.48 (2.09-2.91) HS
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b pas (o8 5l (i W ahls ol 3 (dm 99500 3y por 5l Sl o3 O a3 5 1) 5 pe 5l sl
ol o BB 4l ledMbl b e
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d9adcen 3y (S Y g por sl ) AR Ml sy o0 2003 /T &) (g il 3 LAE E5 & 5k
VaR g simd 0 &) o o oty Jao ol (sloali (los by 4 b0 3) 2l G35y 5 DQ (05 5
Dydiee Jis 23 ale sl o
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Table 4. Mean out-of-sample AL scores of the models

A0 )d 0 Sy s Lo pd ) Sy o Jae
o5k | XRP | LTC | ETH | BTC | BNB | ADA | o»~Sle | XRP | LTC | ETH | BTC | BNB | ADA
-1.522 [-1.413]-1.317|-1.543 |-1.850 | -1.688 [-1.323 | -1.054 |-0.919|-0.769 | -1.105]-1.355|-1.293 | -0.884 | CAViaR-CARE
-1.475 [-1.366|-1.287|-1.470 | -1.822|-1.661 |-1.246 | -0.980 |-0.883|-0.813 [-1.065|-1.111|-1.235[-0.776 Taylor
-1.516 [-1.444)-1.301|-1.479|-1.830|-1.720|-1.319| -1.051 |-0.994|-0.864 [-1.093 |-1.293 |-1.245[-0.819 FHS
-1.517 [-1.423]-1.323|-1.473|-1.829|-1.726 [-1.325| -1.035 |-0.978 |-0.864 |-1.125|-1.206 [ -1.201 |-0.837 | GARCH-EVT
-1.505 [-1.411]-1.296|-1.445|-1.819|-1.738 |-1.321| -1.004 |-0.938|-0.855[-1.036|-1.143|-1.214[-0.838 GARCH-t
-1.492 [-1.402)-1.288 |-1.466 | -1.823 |-1.687 |-1.286 | -1.016 |-0.949|-0.822 [-1.063 |-1.182|-1.261 [-0.818 | GIR-GARCH
-1.409 [-1.290)-1.260|-1.422|-1.727-1.501 |-1.251 | -0.935 | -0.825|-0.788 [ -0.940 | -1.266 | -0.988 | -0.802 HS
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Table 5. Mean out-of-sample AS scores of the models (x10%)

40> 0 Sy Ao ) Sy s
»Nke | XRP | LTC | ETH | BTC | BNB | ADA | o5k [ XRP | LTC | ETH | BTC | BNB | ADA e
5.454 | 6.432 | 7.892 | 4.610 | 2.280 | 3.468 | 8.044 | 2.613 | 3.220 | 4.203 | 2.226 | 1.113 | 1.468 | 3.450 | CAViaR-CARE
5.683 | 6.670 | 8.046 | 5.013 | 2.341 | 3.387 | 8.640 | 2.826 | 3.296 | 4.019 | 2.350 | 1.157 | 1.646 | 4.489 Taylor
5.530 | 6.496 | 8.146 | 5.034 | 2.370 | 3.263 | 7.872 | 2.809 | 3.323 | 3.866 | 2.253 | 1.487 | 1.724 | 4.199 FHS
5.541 | 6.678 | 7.962 | 5.104 | 2.374 | 3.245 | 7.884 | 2.885 | 3.475 | 3.843 | 2.129 | 1.761 | 1.869 | 4.234 | GARCH-EVT
5.646 | 6.750 | 8.201 | 5.338 | 2.403 | 3.188 | 7.996 | 3.051 | 3.768 | 3.945 | 2.525 | 1.975 | 1.810 | 4.284 GARCH-t
5.562 | 6.593 | 8.115 | 5.139 | 2.352 | 3.206 | 7.968 | 2.977 | 3.662 | 3.859 | 2.459 | 1.893 | 1.715 | 4274 | GJR-GARCH
6.150 | 7.315 | 8.333 | 5.379 | 2.752 | 4.343 | 8.782 | 3.211 |3.648 | 4.196 | 2.911 | 1.493 | 2.571 | 4.447 HS
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1 CAViaR—CARE w5 0 mhw ;3 3,5 0 5,5 31 a3, 3 CAVIaR-CARE w2 5L cpsScoY 15 g
9 8 yip0 FHS g5 55 g GARCH-t (65 uiioly )0 Lol el s cpsSco g )y ponyil o(poS Can

b dlold (SuSS b asly +/YVY i cunss Jio )lhe (xSke

(1 2x) diges il gyl 0,90 0 oo FZ jlial 5o . T Jpuks
Table 6. Mean out-of-sample FZ scores of the models (x10?)

A0 > 0 Sy s A0 ) Sy s J
o
55k | XRP | LTC | ETH | BTC | BNB | ADA | (»XS | XRP | LTC | ETH | BTC | BNB | ADA

4.141 | 4.525|5.023 | 3.978 | 2.892 | 3.441 | 4.986 | 6.246 | 7.055 | 8.054 | 5.954 | 4.361 | 4.851 | 7.199 | CAViaR—-CARE
4270 |4.671 | 5.088 | 4213 | 2.926 | 3.461 | 5.261 | 6.369 | 6.995 | 7.771 | 6.021 | 4.572 | 4.820 | 8.033 Taylor
4.171 | 4.460 | 5.097 | 4.199 | 2.922 | 3.335 | 5.011 | 6.303 | 6.716 | 7.484 | 5.928 | 4.842 | 5.042 | 7.804 FHS
4.163 | 4.538 | 5.003 | 4.220 | 2.913 [ 3.313 | 4.990 | 6.375 | 6.807 | 7.477 | 5.748 | 5.239 | 5.266 | 7.715 | GARCH-EVT
4214 [ 4.575|5.118 | 4339 | 2.936 | 3.300 | 5.015 | 6.548 | 6.975 | 7.570 | 6.225 | 5.539 | 5.241 | 7.735 GARCH-t
4200 | 4.564 | 5.093 | 4.281 | 2.943 | 3.303 | 5.014 | 6.536 | 7.097 | 7.469 | 6.236 | 5.515 | 5.165 | 7.736 | GJR-GARCH
4476 [4.942 | 5215 | 4.336 | 3.159 [ 3.914 | 5280 | 6.812 | 7.341 | 7.906 | 6.731 | 4.851 | 6.154 | 7.893 HS
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Table 7. Assets in which a competitor is significantly worse than CAViaR—CARE according to the

DM test
FZ AS AL by J% Sty
— — — Taylor
ADA (2.03) BTC (3.34), ADA (2.59) - FHS
BTC (2.89) BTC (5.47), (]321\;];)(2'69)’ ADA — GARCH-EVT
BTC (3.82) BTC (7.20), (]321\;5)(2'5”’ ADA BTC (2.03) GARCH-t o)
BIC 3.72) BTC (6.47), ADA (2.20) — GIR-GARCH
BNB (3.82) BTC (3.01), (]ZTS)(”O)’ BNB BNB (3.71) HS
ETH 2.02) ETH (2.79) ETH (2.26) Taylor
ETH (2.08) ETH (2.34) — FHS
ETH (2.04) ETH (2.36) - GARCH-EVT
ETH (2.92) ETH (3.32) ETH (2.59) GARCH-t WS
ETH (2.47) ETH (2.65) ETH (2.13) GIR-GARCH
BTC (2.24), ETH (2.74), XRP_| BTC (3.58), ETH (3.47), XRP | BTC (2.75), ETH (2.83), XRP s
(3.52), BNB (2.98), ADA (2.06) (3.96). BNB (3.06) (3.58). BNB (3.60)

YV 5 Sogud ) ol 05 00d (5 line iglds (Sl gt )3 (imy € Caodle sl 005 b o yd O prdaw )3 (6 bline gl ol 3351 ;> DM o)Ll
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oy O a3 05508 Jold |y 5l e pliSg 9 Cossl bgipo (58 uiinle 9 9B cngSican 4 o]
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Table 8. Model membership in the 90% model confidence set

M)DOM)&M M)D\M)Ela.«; Jio
FZ AS AL FZ AS AL
6/6 6/6 6/6 6/6 6/6 6/6 CAViaR-CARE
6/6 6/6 6/6 6/6 6/6 6/6 Taylor
6/6 6/6 6/6 6/6 5/6 (BTC) 6/6 FHS
6/6 6/6 6/6 4/6 (BTC, BNB) | 4/6 (BTC, BNB) | _ 5/6 (BNB) GARCH-EVT
5/6 (ETH) 5/6 (ETH) 5/6 (ETH) | 4/6 (BTC, BNB) | 4/6 (BTC, BNB) 6/6 GARCH-t
6/6 5/6 (ETH) 6/6 5/6 (BTC) 5/6 (BTC) 6/6 GIR-GARCH
2/6 (BTC, XRP, | 3/6 (BTC, ETH, | 2/6 (BTC, ETH, 3/6 (BTC, ETH, | 3/6 (ETH, XRP,
LTC, BNB) BNB) XRP, BNB) | /6 (ETH, BNB) BNB) BNB) HS
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Table 9. Integrated scorecard of the models across evaluation criteria

Lo )3 0 Sw ) mhaw Ao ) S o
) sl % ) Lol 5 o
tl "(‘Y JC% (WA H)DM | (VA )MCS AL/:’;/FZ M "(‘Y JC% (WA )DM | (VA J)MCS AL/:g/FZ J
29 — 13 11 28 — 8 /L | CAViaR_CARE
20 3 13 6/6/6 28 0 18 6373 Taylor
19 2 18 3203 3 3 17 200 FHS
20 2 18 2302 26 4 13 3/4/4 GARCH-EVT
16 3 15 4/5/5 21 5 14 5/6/6 GARCH-t
12 3 17 5/4/4 17 3 16 4/5/5 GIR-GARCH
10 13 7 77777 23 5 10 7777 HS

$3)lge 35 DM (2l (b g utal @l ) 3,90 VA JI Jsa lisebol degasea 53y ol MCS cal £ 5 Jolio 15 alyls b (55ke olul 2 45,
(0 3) bl i sl ¥ Jsis gl 2 > Job ggeoe tialeil e asl CAVIaR—CARE I jichuass Joline jsbty Jia 45 (A 3)

e S glite loasiz Loyl ol m3gn )3 b 55 | o) Y e ol 8 g
Gos 4 5 2, g o a8 Ml g Jlgld & alojl g LSS Capph ditien & Gl anb g Aot o0
Iy ES a_old v g VaR > o2 jg) o 20kl mley .o s ol bjgy plw » ES cés | VaR
simd o GLdi 55 MCS gy g DM (0] S oo doy 2 4l jSeliblone Cp g &S]y (o g izt o0
) (ool 3 Slas 4 4w o 3 4 i Ll 39y 0 18 laiges g Sl jlitel slacglas plas
s MCS 5 Jsl8 jo—an liel mli aw jo > ke 4 o yino a5 (6 )sb ar el CAViaR-CARE
3 Lol el (Son5 cudy duopd ) e 55 4ols Jae s 1y (Yo 51V 9 YA) olojl o p> (Joud sl oy i
Iy lged adjlisl > GARCH-EVT 4 FHS .18l o cie b o oo slades Lo a4 io 0 0 o
wloyw byl (do )3 gy VAR Lol 08 o Chog wgs |y dlis im0, Sababloe s 5 i uoyd O pedaws )
DM (9051 S 55 alylS ) sl Jbo g y5cinss bojline dod > Ly ya5 HS .8 o Sgis U5 1 (6 sty
Gl aiald0S Lol jlul CAViaR—CARE (¢ oS s 0 oyl

039) YV e 9 10w M ee eloooiy L (olis)) JS 0oty Jobo 51 (o1 (sl 33,91 32 05250 Jgb Julods
b aiges S Jsbo (g3 sl Sy ol )b b bl nl )3 oo dos londats (Ve Jgaz) 45 155 3
YTV g VoV) obMyy 0)93 059y V) v+ 0,5y cdiged (sl 203 00 yuid 313 ) (2l 0993 02y i el



\YY

VF8 Lo =118 0555 — Sl Sy ke bt

Alesea Bl Jgda ol cplplo Jy YeY0 g VoVY ola Jlu 5l 59, VYO Ladd 05, Y=+ 050y 9 45 0 (2bj)l )l
A3 o LS 1) b5yl 0ye0 g 0y Jsbo

sl oy Jsb 4 gl ol ¢ g

Table 10. Sensitivity of the results to the estimation window length

A0 > 0 Sy s Ao ) Sy T
DM AL::S > s, Céxgg— DM AL;:; » B, Céxgg— (Gos) ezl es9> | (530) o2
32/0 12/1 | 428742 5.04 22/0 V11 | 0.87-3.79 1.35 2021/ (0118‘2250)26/ o1 1100
23/0 2172 | 3.08-531 5.01 9/0 5/1/5 | 044-133 1.35 2022/?1%“225())26/ o1 1500
26/0 V11 | 248547 5.05 20/0 V11 | 032-1.20 1.26 2023/(0111‘02(?)26/ O | Loy 1825
14/8 1/5/1 | 3.06-7.75 5.17 4/5 5/6/6 | 0.41-1.79 1.40 2024/ ?;52?26/ o1 2200
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