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Y ell o wst o n e Ri v er W at er s h e d , b ut als o o c c urr e d i n n ei g h b ori n g w at ers he d s. T h e e xt e nt of 
e xtr e m e r u n off w as c o nsi st e nt wit h t h e t y p e of n arr o wl y f o c us e d P a cifi c N ort h w est at m os p h eri c 
ri v er st or ms i nt e ns e e n o u g h t o p e n etr at e t his f ar i nt o t h e i nt eri or w est er n m o u nt ai ns. 
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I N T R O D U C TI ON 

1. 1 Y ell o wst o n e W at ers h e d Fl o o di n g i n 2 0 2 2 

I n J u n e 2 0 2 2, Y ell o wst o n e N ati o n al P ar k ( Y N P) e x p eri e n c e d u n pr e c e d e nt e d fl o o di n g 

t hr o u g h o ut t h e p ar k a n d t h e p ar k’s g at e w a y c o m m u niti es. I n a 2 4- h o ur p eri o d, t h e n ort h er n 

p art of t h e p ar k r e c ei v e d b et w e e n 7. 5- 9. 5 i n c h es of w at er c o m bi n e d fr om r ai n pl us s n o w m elt 

( P ol a n d et al. 2 0 2 2; N W S 2 0 2 2 ). T h e m a g nit u d e of t h e fl o o ds is t h o u g ht t o h a v e s ur p ass e d a n y 

i n t h e l ast 5 0 0 y e ars at s o m e l o c ati o ns ( N P S 2 0 2 2). Fl o o di n g d a m a g e d s e v er al s e cti o ns of t h e 

p ar k ’s e ntr a n c e r o a ds, a n d t h e ri v ers w er e s o hi g h t h e y c ar v e d n e w c h a n n el s a n d er o d e d 

str e a m b a n ks, w as hi n g a w a y i nfr astr u ct ur e, h o us e s, a n d bri d g es. D u e t o t h e e xt e nsi v e 

i nfr astr u ct ur e d a m a g e, Y N P a c c ess w as li mit e d t hr o u g h t h e s u m m er a n d f all of 2 0 2 2. R o a ds 

o p e n e d t o all tr affi c wit h n o r estri cti o ns f oll o wi n g e x p e dit e d r e p airs i n 2 0 2 2 t o pr es er v e t h e 

n ati o n al p ar k’s p u bli c a c c ess. T h e i m p a cts of t h e hist ori c fl o o di n g e v e nt will l e a d t o at l e ast 

t hr e e y e ars of pr oj e cts t o r e p air a n d i m pr o v e t h e p ar k’s i nfr astr u ct ur e ( Y ell o wst o n e N ati o n al 

P ar k 2 0 2 3). E c ol o gi c all y, c o m m u nit y a n d e c os yst e m l e v el i m p a cts of fl as h fl o o di n g o n a q u ati c 

a n d ri p ari a n e c os yst e ms a n d t h e e ntir e w at ers h e d w er e a m aj or dist ur b a n c e a n d str ess or t h at 

m a y h a v e l o n g- l asti n g eff e cts o n t h e Gr e at er Y ell o wst o n e e c os yst e m a n d i nt er c o n n e ct e d 

c o m m u niti es. 

W hil e it will t a k e m or e r es e ar c h t o e v al u at e its r ol e i n t h e 2 0 2 2 Y ell o wst o n e fl o o di n g, 

cli m at e c h a n g e is t h o u g ht t o b e alt eri n g pr e ci pit ati o n a n d r u n off r e gi o n all y ( Ta b o v e ari 2 0 2 0 ). 

St or ms ass o ci at e d wit h at m os p h eri c ri v ers oft e n d eli v er e xtr e m e a m o u nts of r ai n a n d s n o w i n a 

s h ort p eri o d ( P ol a n d et al. 2 0 2 2; G ol d e ns o n et al. 2 0 1 8). T h e i ncr e asi n g t hr e at of P a cifi c 

N ort h w est at m os p h eri c ri v er st or ms t h at p e n etr at e i nt o t h e R o c k y M o u nt ai n i nt eri or m a y b e 
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li n k e d t o cli m ati c c h a n g e s i n a n n u al a n d s e as o n al pr e ci pit ati o n p att er ns. I n t h e w est er n N ort h 

A m eri c a r e gi o n, t h e s n o w p a c k is a n i m p ort a nt s e as o n al w at er r es er v oir, w hi c h c a n b e m o difi e d 

b y u n us u al a n d e xtr e m e t e m p or ar y e v e nts ( G ol d e n s o n et al. 2 0 1 8). W h e n e xtr e m e a m o u nts of 

r ai n fr o m a n at m os p h eri c ri v er f all o n a pr e e xisti n g s n o w p a c k, t h es e e v e nts will l e a d t o fl o o di n g 

( N ei m a n et al. 2 0 0 8). T h e pr o xi m at e c a us e f or t h e J u n e 2 0 2 2 fl o o di n g i n Y N P w as h e a v y r ai n o n 

a l at e s n o w p a c k fr om a n P a cifi c N ort h w est at m os p h eri c ri v er st or m ( P ol a n d et al. 2 0 2 2). T h e 

Gr e at er Y ell o wst o n e Cli m at e Ass ess m e nt c o n cl u d es t h er e h as b e e n a si g nifi c a nt c h a n g e i n t h e 

p ar k’s pr e ci pit ati o n, its f or m (i. e., r ai n or s n o wf all), str e a mfl o w, a n d s e as o n alit y ( H ost etl er et al. 

2 0 2 1 ). In f a ct, s ci e ntists pr e di ct Y N P will r e c ei v e m or e s pri n g r ai n a n d l ess wi nt er s n o w wit h a n 

i ncr e as e i n t h e o v er all a n n u al pr e ci pit ati o n a n d a s hift i n t h e l o c ati o n a n d ti mi n g of r ai n- o n-s n o w 

e v e nt s ( H ost etl er et al. 2 0 2 1). At m os p h eri c d y n a mi cs ar e s hifti n g i n r es p o ns e t o cli m at e c h a n g e 

i m p a cts, i n cl u di n g 1) s hifti n g P a cifi c N ort h w es t st or m tr a c ks ass o ci at e d wit h at m os p h eri c 

cir c ul ati o n p att er ns , a n d 2) i ncr e asi n g m oist ur e c o nt e nt of air ( H ost etl er et al. 2 0 2 1; P a y n e 2 0 2 0). 

T h us, cli m at e v ari a bilit y m a y als o i ncr e as e t h e ris k of P a cifi c N ort h w est at m os p h eri c ri v er 

st or ms t h at m o v e i nt o t h e R o c k y M o u nt ai n i nt eri or a n d bri n g h e a v y w et r ai n t h at m a y c a us e fl ash 

fl o o di n g, h e a v y s n o w, a n d s e v er e wi n ds i n Y N P. 

I niti al h y dr ol o gi c d at a s u g g este d t h at t h e r e c e nt fl o o di n g w as o utsi d e t h e hist ori c al r a n g e 

of v ari a bilit y . D uri n g t h e J u n e 2 0 2 2 fl o o di n g e v e nt, t h e g a u g e o n t h e Y ell o wst o n e Ri v er at 

C or wi n S pri n gs s ur p ass e d 5 0, 0 0 0 cfs a c c or di n g t o pr o visi o n al d at a. T h e hi g h est pr e vi o us 

dis c h ar g e o n t h e Y ell o wst o n e Ri v er at C or wi n S pri n gs ( U S G S g a u g e 0 6 1 9 1 5 0 0) n e ar its e xit 

fr o m Y N P w as r e c or d e d i n 1 9 1 8 at a b o ut 3 2, 0 0 0 cfs ( P ol a n d et al. 2 0 2 2). Pr o visi o n al d at a is r e al 

ti m e str e a mfl o w tr a ns mitt e d fr o m e a c h st ati o n. D at a m a y b e s u bj e ct t o c h a n g e a n d ar e n ot 

d efi nit e u ntil r e vi e w e d a n d a p pr o v e d b y t h e U S G S . 
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B e c a us e t hi s t y p e of e v e nt is r el ati v el y r ar e i n t h e Gr e at er Y ell o wst o n e r e gi o n, a n d t h e 

J u n e 2 0 2 2 e v e nt is v er y r e c e nt, m a n y q u esti o ns r e m ai n t o b e a ns w er e d i n cl u di n g o n es as b asi c as 

h o w e xtr e m e a n d e xt e nsi v e it w as. T h er ef or e, t h e o v er all g o als of m y pr oj e ct w er e t o a n al y z e 

h y dr ol o gi c d at a t o c h ar a ct eri z e t h e u n pr e c e d e nt e d fl o o di n g i n Y N P a n d s urr o u n di n g ar e as a n d 

li n k t h e h y dr ol o gi c al r es p o ns e t o t h e m et e or ol o g y of t h e t y p e of s e v er e, f o c us e d P a cifi c 

N ort h w es t st or ms i nt e ns e e n o u g h t o p e n etr at e t h e i nt eri or w est r e gi o n. I h a d t w o c or e o bj e cti v es:   

1. T o q u a ntif y h o w e xtr e m e t h e J u n e 2 0 2 2 e v e nt w as i n t er ms of r el ati v e ri v er 

dis c h ar g e c o m p ar e d t o a n n u al p e a ks a n d e xtr e m e s at r e pr es e nt ati v e str e a m 

g a u gi n g st ati o ns a cr o ss t h e r e gi o n. 

2. T o m a p s p ati al p att er ns of J u n e 2 0 2 2 e v e nt r u n off t o e v al u at e t h e e xt e nt of 

e xtr e m e r u n off wit hi n t h e Gr e at er Y ell o wst o n e r e gi o n. 

I dis c uss r es ults i n t h e c o nt e xt of t h e u n us u al t y p e of h e a v y r ai n- o n-s n o w st or m i n v ol v e d 

a n d p ot e nti al eff e cts of cli m at e c h a n g e b as e d o n r e s e ar c h lit er at ur e a n d f e d er al a g e n c y r e p orts.   
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M E T H O D S 

I e v al u at e d t h e s e v erit y a n d s p ati al e xt e nt of e xtr e m e r u n off d uri n g t h e J u n e 2 0 2 2 fl o o d 

e v e nt b y a n al y zi n g r e gi o n al str e a m g a u g e d at a t o m e as ur e e v e nt p e a k si z e r el ati v e t o hist ori c 

p e a ks, pr o d u ci n g r e pr es e nt ati v e h y dr o gr a p hs s h o wi n g t h e m a g nit u d e a n d a br u pt n ess of t h e 

fl o o di n g, a n d m a p pi n g t h e g e o gr a p hi c al dis c h ar g e p att er n s usi n g GI S. I e x pl or e d d at a a n d 

m et h o ds i n a s u m m er 2 0 2 2 cl ass pil ot pr oj e ct a n d m o dif i e d a n d e x p a n d e d o n t h os e f or m y 

pr of essi o n al p a p er. 

2. 1 A n al y sis A p pr o a c h 

T h e hist ori c Y ell o wst o n e fl o o di n g b e g a n o n J u n e 1 3, 2 0 2 2, a n d l ast e d f or s e v er al d a ys.  I 

f o c us e d o n t h at d at e a n d t h e d a ys i m m e di at el y b ef or e a n d aft er it b ut als o e x a mi n e d dis c h ar g e 

r e c or ds f or t h e e ntir e m o nt h of J u n e t o b e s ur e t o r e pr es e nt t h e e ntir e e v e nt. I w or k e d wit h Dr. 

P a ul H o o k t o i d e ntif y a n d s cr e e n p ot e nti al U S G S str e a m g a u gi n g st ati o ns t o us e wit h l o n g 

r e c or ds f or t h e Y ell o wst o n e Ri v er w at ers h e d a n d a dj a c e nt ar e as. Dr. H o o k q u eri e d U S G S 

d at a b as e s w it h t h e U S G S R d at a R etri e v al p a c k a g e ( D e Ci c c o et al. 2 0 2 2 ) a n d d o w nl o a d e d 

dis c h ar g e d at a as t a b -s e p ar at e d fil es a n d e x c el fil e s f or a n al ysis. Aft er i niti al s cr e e ni n g, o nl y sit es 

a cti v e i n J u n e 2 0 2 2 wit h at l e ast 2 5 y e ars of i nst a nt a n e o us d at a w er e s el e ct e d f or f urt h er 

e v al u ati o n. T o q u a ntif y h o w u n us u al or e xtr e m e c o n diti o ns w er e at e a c h st ati o n, I w or k e d wit h 

Dr. H o o k t o c al c ul at e t h e r el ati v e m a g nit u d e of e v e nt dis c h ar g e c o m p ar e d t o hist ori c a n n u al 

p e a ks as t h es e r ati os: J u n e 2 0 2 2 p e a k/ m e a n a n n u al p e a k, J u n e 2 0 2 2 p e a k/ m a x i m u m hist ori c 

p e a k, a n d J u n e 2 0 2 2 p e a k/ 1 0 t h p er c e ntil e a n n u al p e a k. T h e pr eli mi n ar y r a n ki n g f or sit e s el e cti o n 

w as b as e d o n t h e r ati o of t h e J u n e 2 0 2 2 m a xi m u m i nst a nt a n e o us p e a k di vi d e d b y t h e gr e at est 

pr e vi o us a n n u al p e a k. T h e t o p 1 0 of t h es e m at c h e d t h e c or e st or m r e gi o n a n d w er e s el e ct e d as 
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“ ti er 1” sit es .  I s el e ct e d a d diti o n al “ ti er 2” sit es b y e x a mi ni n g s p ati al v ari ati o n of J u n e 2 0 2 2 p e a k 

fl o ws a n d c h o osi n g str e a m g a u gi n g st ati o n s t o r e pr es e nt t h e r el ati v e s p e ctr u m fr o m e xtr e m e t o 

n o n- e xtr e m e r u n off i n w at ers h e ds a dj a c e n t t o t h e “ti er 1 ” c or e ar e a . 

I e x a mi n e d dis c h ar g e f or t h e s el e ct e d ti er 1 a n d ti er 2 sit es i n d et ail i n E x c el. To dis pl a y 

t h e ris e a n d f all of dis c h ar g e d uri n g e v e nt r u n off, I us e d li n e a n d s c att er gr a p hs t h at str a d dl e t h e 

p eri o ds i m m e di at el y b ef or e a n d aft er J u n e 1 3, 2 0 2 2. T h e s p e cifi c p eri o ds c o v er e d b y t h es e 

r e pr es e nt ati v e h y dr o gr a p hs w er e c h os e n t o s h o w f e at ur es of t h e fl o o d e v e nt at diff er e nt l o c ati o ns . 

T o s h o w t h e s p ati al e xt e nt of e xtr e m e r u n off, I m a p p e d t h e r ati o of t h e J u n e 2 0 2 2 

p e a k/ m a x i m u m hist ori c p e a k usi n g GI S. Str e a m g a u g e st ati o n l o c ati o ns (l atit u d e a n d l o n git u d e) 

w er e c o m pil e d i n cs v fil e s a n d i m p ort e d i nt o Q GI S. O n t o p of a b as e l a y er m a p, e a c h U S G S 

str e a m g a u g e w as r e pr es e nt e d b y a gr a d u at e d s y m b ol si z e t o r e pr es e nt t h e m a g nit u d e of t h e 2 0 2 2 

e v e nt r el ati v e t o t h e p eri o d of r e c or d f or t h at s el e ct e d st ati o n. T h e N ati o n al H y dr o gr a p h y D at as et 

(N H D ) a n d W at ers h e d B o u n d ar y D at as et ( W B D ) l a y ers f or t h e pr oj e ct w at ers h e ds w er e 

d o w nl o a d e d fr o m t h e U S G S. g o v  w e bsit e, e xtr a ct e d as a g e o p a c k a g e, a n d i m p ort e d t o Q GI S. T o 

r e pr es e nt ar e as wit h hi g h er or l o w er r el ati v e r u n off, w at ers h e ds c orr es p o n di n g t o e a c h g a u gi n g 

st ati o n w er e dis pl a y e d wit h a gr a d u at e d c ol or s c h e m e ( d ar k er s at ur ati o n i n w at ers h e ds wit h t h e 

gr e at er p e a k r u n off as a p er c e nt of t h e a v er a g e). 

2. 2 U S G S Dis c h ar g e Sit e S el e cti o n a n d D at a A c q uisiti o n 

Str e a mfl o w d at a a n d st atisti cs w er e a c q uir e d fr o m U S G S o nli n e d at a b as e s u si n g t h e R 

d at a R etri e v al p a c k a g e ( D e Ci c c o et al. 2 0 2 2) a n d s a v e d i n cs v a n d X L S X f or m at s. T h e p a c k a g e’s 

“ w h at N WI S sit es ” f u n cti o n w as us e d t o i d e ntif y c a n di d at e U S G S str e a m g a u gi n g st ati o ns wit hi n 

a 4 3 - 4 7 ° N ort h l atit u d e b y 1 0 7- 1 1 4 ° W est l o n git u d e b o u n di n g b o x t h at h a d d ail y or 

https://USGS.gov
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i nst a nt a n e o us dis c h ar g e v al u es ( Fi g ur e 1). T his 4 d e gr e e l atit u d e b y 7 d e gr e e l o n git u d e s e ar c h 

ar e a w as a p pr o xi m at el y 4 4 4 k m X 5 5 0 k m ( 3 4 2 X 3 7 6 mil es) a n d c e nt er e d o n t h e n ort h er n e d g e 

of Y ell o wst o n e N ati o n al P ar k b et w e e n G ar di n er, M o nt a n a a n d T o w er J u n cti o n. I nf or m ati o n f or 

s cr e e ni n g c a n di d at e sit es w as o bt ai n e d wit h t h e “ r e a d N WI S sit e” a n d “ w h at N WI S d at a ” f u n cti o ns, 

w hi c h r etri e v e sit e c h ar a ct eristi cs i n cl u di n g c o or di n at es, el e v ati o n, h y dr ol o gi c u nit c o d es, a n d 

dr ai n a g e ar e a a n d d at a s u m m ari es i n cl u di n g st art a n d e n d d at es of r e c or ds a n d n u m b er of d a ys of 

d at a. 

Fi g u r e 1 . S n a ps h ot of t h e 1 3 9 c a n di d at e sit es wit hi n t h e t ar g et l atit u d e a n d l o n git u d e b o u n di n g 
b o x. 
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C a n di d at e g a u gi n g st ati o ns f o u n d i n t h e b o u n di n g b o x i n cl u d e d 9 0 1 sit es wit h d ail y 

dis c h ar g e v al u es a n d 3 4 4 sit es wit h i nst a nt a n e o us ( 1 5- mi n ut e i nt er v al) dis c h ar g e v al u es. Of 

t h es e, 1 9 0 sit es h a d d ail y a n d i nst a nt a n e o us v al u es f or J u n e 2 0 2 2 a n d dr ai n a g e ar e a v al u es. T h e 

l e n gt h of r e c or ds, m e as ur e d as n u m b er of d a ys wit h d at a di vi d e d b y 3 6 5, r a n g e d fr o m 1 t o 1 1 9 

y e ars f or d ail y v al u es a n d 1 t o 3 6 y e ars f or i nst a nt a n e o us v al u es. D ail y v al u es ar e m e a ns of 

i nst a nt a n e o us v al u es f or e a c h d at e, b ut U S G S di d n ot r o uti n el y ar c hi v e i nst a nt a n e o us v al u es 

o nli n e u ntil 1 9 8 6, or l at er d e p e n di n g o n t h e sit e, s o r e c or ds ar e oft e n s h ort er t h a n f or d ail y 

v al u es . Al m ost t hr e e q u art ers of t h e sit es t h at h a d d at a f or J u n e 2 0 2 2 ( n = 1 3 9) h a d at l e ast 2 5 

y e ars of i nst a nt a n e o us d at a a n d w er e s el e ct e d f or f urt h er e v al u ati o n. Usi n g a hi g h er 3 0- y e ar 

t hr es h ol d w o ul d h a v e r e d u c e d t h e sit e list b y a b o ut a q u art er a n d o mitt e d s o m e sit es wit h l o n g 

d ail y r e c or ds.  

S el e ct e d d at a a n d st atisti cs f or t h es e 1 3 9 sit es w er e d o w nl o a d e d fr o m U S G S d at a b as e s 

usi n g t h e d at a R etri e v al p a c k a g e. T h es e i n cl u d e d: 

I nst a nt a n e o us v al u es f or J u n e 2 0 2 2, f or e xtr a cti n g 2 0 2 2 e v e nt p e a ks a n d pl otti n g e v e nt 

h y dr o gr a p hs ( o bt ai n e d wit h “ r e a d N WI S u v” f u n cti o n). 

Hist ori c p eri o d of r e c or d a n n u al p e a k fl o w v al u es f or c o m p aris o ns t o 2 0 2 2 

( o bt ai n e d wit h “r e a d N WI S p e a k” f u n cti o n). 

D ail y a n d m o nt hl y st atisti cs f or t h e p eri o d of r e c or d, als o f or c o m p aris o n t o 2 0 2 2 

( o bt ai n e d wit h “ r e a d N WI S st at” f u n cti o n).     

T h e J u n e 2 0 2 2 i nst a nt a n e o us v al u es w er e eit h er offi ci all y a p pr o v e d v al u es or pr o visi o n al 

v al u es still u n d er r e vi e w b y U S G S d e p e n di n g o n t h e sit e. P e a k fl o w, m o nt hl y st atisti cs , a n d d ail y 
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st ati sti cs w er e all offi ci al U S G S st atisti cs t h at h a v e p ass e d a g e n c y r e vi e w f or d at a q u alit y a n d 

c o m pl et e n ess . N o t al l t h e s e st atisti cs w er e r et ai n e d i n t h e fi n al a n al ysis. 

Fi n al s el e cti o n of sit es f or gr a p hi n g a n d m a p pi n g w as b as e d o n h o w e xtr e m e J u n e 2 0 2 2 

p e a k fl o ws w er e c o m p ar e d t o hist ori c a n n u al p e a ks or a v er a g e J u n e dis c h ar g e v al u es. Sit es w er e 

s el e ct e d t o i n cl u d e t h e o n es t h at w er e m ost e xtr e m e (ti er 1) a n d ot h ers t h at w er e r e pr es e nt ati v e of 

l ess i m p a ct e d w at ers h e ds (ti er 2). 

2. 2. 1 H y dr o gr a p hs 

I n E x c el, I s el e ct e d t h e i nst a nt a n e o us ( 1 5 - mi n ut e i nt er v als) dis c h ar g e c ol u m ns f or t h e 

s el e ct e d sit es a n d t h e d at e/ti m e c ol u m n. I e x a mi n e d dis c h ar g e st atisti cs f or t h e s el e ct e d ti er 1 a n d 

ti er 2 sit es. T h e n t o dis pl a y t h e r u n off i n a h y dr o gr a p h, I s el e ct e d t h e dis c h ar g e d at a a n d 

eli mi n at e d t h e c ol u m ns wit h n o d at a ( e. g., o mitti n g t h e i nt er v al 6/ 1/ 2 0 2 2 at 1 2: 0 0: 0 0 A M wit h n o 

dis c h ar g e ( 0 0: 0 0: 0 0)) a n d i ns ert e d a li n e a n d s c att er gr a p h. I n t h e gr a p h, t h e d at a s eri es w as 

f or m att e d t o s el e ct d at a t h at str a d dl es a w e e k b ef or e a n d t h e d a ys i m m e di at el y aft er J u n e 1 3, 

2 0 2 2, t o cr e at e t h e r e pr es e nt ati v e h y dr o gr a p hs of t h e fl o o di n g e v e nt (i. e., 0 6/ 1 0/ 2 0 2 2 t o 

0 6/ 2 0/ 2 0 2 2). 

2. 2. 2 Q GI S M a p pi n g  

F or t h e Q GI S m a p pi n g, I us e d d at a fr o m sit e s el e cti o n wit h t h e r ati o J u n e 2 0 2 2 

p e a k/ m a xi m u m hist ori c p e a k t o s h o w t h e s p ati al e xt e nt of r u n off d uri n g t h e J u n e 2 0 2 2 fl o o d 

e v e nt, a n d s y m b oli z e t h e m a p t o r e pr es e nt t h e r el ati v e m a g nit u d e of dis c h ar g e i n Q GI S. T h e 

o utli n e is o n e of br e vit y f or t h e st e ps t o cr e at e a m a p i n Q GI S. 
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C o n v e rt D at a t o Q GI S F o r m at : St e p 1 w as t o c o n v ert t h e d at a fr o m e x c el f or m at t o a cs v fil e 

t o i m p ort t h e d at a i nt o Q GI S. I n E x c el, s el e ct d at a f or t h e pr oj e ct i n cl u di n g: U S G S sit e i d, U S G S 

str e a m g a u g e sit e n a m e, r ati o of J u n e 2 0 2 2 p e a k/ m a x p e a k, l atit u d e c o or di n at e, l o n git u d e 

c o or di n at e, a n d H U C i d, t h e n c o p y a n d s a v e fil e a s cs v. fil e. S a v e fil e as C S V U T F- 8 ( c o m m a 

d eli mit e d ) ( *. cs v) i n t h e pr oj e ct f ol d er f or t h e Q GI S pr oj e ct. 

I m p o rt D at a t o Q GI S : St e p 1 w as t o o p e n Q GI S t o a d d a d eli mit e d t e xt l a y er t o t h e pr oj e ct. 

St e p 2 w as t o o p e n t h e pr oj e ct t a b a n d s el e ct a n e w pr oj e ct. St e p 3 w as t o s el e ct t h e d at a s o ur c e 

m a n a g er i c o n t o s e ar c h f or t h e cs v. fil e, s el e ct t h e cs v. fil e, a n d u pl o a d it i nt o Q GI S. T h e 

g e o m etr y is a ut o m ati c all y i nt e gr at e d i nt o t h e Q GI S pl atf or m t o t h e l atit u d e a n d l o n git u d e 

c o or di n at es fr o m t h e cs v. fil e (i. e., U S G S str e a m g a u g e sit e l atit u d e a n d l o n git u d e). I n a m a n u al 

i m p ort of t h e d at a t h e g e o m etr y m ust b e s et u p s o t h at t h e i m p ort assi g ns t h e c orr e ct c o or di n at e 

r ef er e n c e s yst e m (C R. S). T h e c orr e ct g e o m etr y f or t h e tr a nsf er of t h e d at a i s as f oll o ws a) 

g e o m etr y is i n f or m at l atit u d e a n d l o n git u d e a n d b) g e o m etr y C R. S is E P S G: 4 2 6 9- N A D 8 3. T h e n, 

cli c k a d d t h e d at a t o t h e pr oj e ct. 

A d d B as e m a p t o Q GI S : Q G I S its elf d o es n ot h a v e t h e f u n cti o n alit y t o s u p p ort m a n y diff er e nt 

t y p es of b as e m a ps. B as e m a ps c a n b e a d d e d t o Q GI S b y s e ar c hi n g t h e w e b s u p p ort f e at ur e a n d 

a d di n g t h e pr o p er m a p s o ur c e i nt o Q GI S. St e p 1 w as t o o p e n t h e br o ws er p a n el, l o c at e t h e w e b 

ta b t h e n s el e ct fr o m t h e dr o p d o w n m e n u Q ui c k M a p S er vi c es , ri g ht cli c k t o s el e ct S e ar c h Q M S . 

St e p 2 w as t o e nt er t h e t o p o m a p of t h e s er vi c e w hi c h y o u w o ul d li k e t o us e i n t h e s e ar c h b o x, 

s el e ct E S RI W orl d T o p o , t h e n a d d t h e n e w b as e m a p l a y er t o t h e pr oj e ct. St e p 3 w as t o fi n d th e 

l a y er i n t h e pr oj e ct l a y ers, d o u bl e cli c k t h e n e wl y a d d e d l a y er t o a d d t h e l a y er t o m a p. T h er e ar e 

s e v er al l a y er pr oj e cti o ns w hi c h c a n b e a p pli e d t o t h e b as e m a p. St e p 4 w as t o s el e ct t h e pr oj e cti o n 
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i n t h e pr oj e ct s el e ct t h e l a y er a n d g o t o t h e l a y er pr o p erti es t o c h a n g e t h e C R. S pr oj e cti o n t o 

E P S G: 6 4 3 1- N A D 8 3( 2 0 1 1) / U T M Z o n e 1 2 N. 

A d d H y d r ol o gi c U nit C o d es ( H U Cs) t o Q GI S : T h e W at ers h e d B o u n d ar y D at as et ( W B D) 

c o nt ai ns t h e U S G S n ati o n al H y dr ol o gi c U nits t h at ar e d eli n e at e d b y s u c c es si v el y s m all er 

h y dr ol o gi c u nits w hi c h ar e H U C s. T h e H U C is assi g n e d a u nit n u m b er t h at pr o vi d es a w at ers h e d 

a d dr ess t o l o c at e t h e w at er d at a. St e p 1 w as t o s e ar c h t h e br o ws er f or t h e U S G S n ati o n al m a p 

d at as ets at htt ps:// a p ps. n ati o n al m a p. g o v/ d o w nl o a d er / #/. St e p 2 w as t o s el e ct t h e d at as ets 

H y dr o gr a p h y ( N H D Pl us H R, N H D, W B D) a n d c h o os e t h e s u b c at e g or y W at ers h e d B o u n d ar y 

D at as et ( W B D). St e p 3 w as t o o p e n t h e m a p vi e w er t o us e t h e e xt e nt t o ol t o s el e ct a g e o gr a p hi c 

ar e a, t h e n s e ar c h t h e pr o d u cts, a n d c h o os e t h e H U C g e o p a c k a g e, d o w nl o a d t h e zi p fil e, e xtr a ct 

all t h e c o nt e nts, a n d s a v e t h e fil e t o y o ur pr oj e ct f ol d er. St e p 4 w as t o o p e n t h e br o ws er p a n el, 

t h e n o p e n t h e pr oj e ct f ol d er t o s el e ct t h e W B D g e o p a c k a g e W B D _ 1 0 _ H U 2 _ G D B. g d b a n d a d d 

t h e g e o p a c k a g e t o t h e pr oj e ct m a p. T h e W B D g e o p a c k a g e will h a v e all t h e a v ail a bl e H U C s 

w hi c h f or t h e pr oj e ct s el e ct H U C 8. St e p 5 w as t o o p e n t h e W B D l a y er, g o t o t h e l a y er 

pr o p erti es, o p e n t h e s o ur c e t a b, a n d s el e ct t h e q u er y b uil d er o pti o n. T h e H U C c o d e di gits ar e 

b uilt i nt o a n e q u ati o n t h at s el e ct e d t h e w at ers h e ds t o dis pl a y i n t h e pr oj e ct m a p. St e p 6 w as t o 

us e t h e q u er y b uil d er, s el e ct t h e fi el d as h u c 8 f or t h e o p er ati o n I N t h e n c o p y a n d p ast e t h e H U C 

c o d es i n si n gl e q u ot es wit hi n p ar e nt h es es. T h e n, cli c k o k a n d a p pl y t h e q u er y t o t h e pr oj e ct. 

A d d S y m b ol o g y i n Q GI S : T h e s y m b ol o g y l a y er i s p art of t h e s y m b ol att a c h e d t o t h e d at a us e d 

t o r e pr es e nt a m a p l a y er. T h e s y m b ol o g y is us e d t o r e pr es e nt p art of t h e H U C r el ati v e dis c h ar g e 

d efi n e d b y t h e J u n e 2 0 2 2 p e a k/ m a x p e a k r ati o. St e p 1 w as t o o p e n t h e pr oj e ct l a y ers, t o 

s y m b oli z e t h e U S G S str e a m g a u g e sit es i n t h e pr o p erti es l a y er. St e p 2 w as t o c li c k o n t h e 

s y m b ol o g y t a b. St e p 3 w as t o c h o os e t h e gr a d u at e d ( n u m eri c al) s y m b ol o g y. T h e d at a v al u e fi el ds 

https://apps.nationalmap.gov/downloader
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will a ut o p o p ul at e. St e p 4 w as t o c h o os e t h e v al u e fil e d R ati o _ M a x. St e p 5 w as t o o p e n t h e 

cl ass es o pti o n  a n d cli c k cl assif y. St e p 6 w as t o s el e ct t h e d at a a n d s y m b oli z e t h e si z e a n d c ol or of 

t h e p oi nt t o o p a cit y t h at n u m eri c all y r e pr es e nt t h e dis c h ar g e r ati o. T h e n, cli c k o k t o a p pl y t h e 

s y m b ol o g y t o t h e pr oj e ct. Fi n all y, e x p ort t h e m a p t o t h e p df. m a p. I n t h e m a p, e dit t h e f e at ur es t o 

a d d t h e f oll o wi n g m a p el e m e nts: l e g e n d, titl e, b or d er, s o ur c es, n ort h arr o w, s c al e b ar, a n d 

s y m b ol o g y, a n d s a v e t h e pr oj e ct m a p. 

Fi g u r e 2 . Q GI S S y m b ol o g y Cl assifi c ati o n 

Q L a y e r P r o p e rt ie s - U S G S S ite S e le c t io n _ S K - S y m b o lo g y X 

1 1 .2 R at io _ M a ~ 

S y m b o l • 
L e g e n d f or m at % 1 - % 2 [ Pr e c is io n 4 I: J Gl] Tr im 

' - ------------------------' 
M et h o d S iz e 

S iz e fr o m J ~2_.o_o o_ o_o o _ _ _ _ _ _ _ _ _ _ _ [ ~: J t o I s .0 0 0 0 0 0 

[ M illim et e rs 

C la s s e s Hi st o gr a m 

.., V a lu e s L e g e n d 

0 .0 2 0 0 0 0 - 0 .3 1 6 0 0 0 0 .0 2 - 0 .3 2 

0 .3 1 6 0 0 0 - 0. 5 8 0 0 0 0 0 .3 2 - 0 .5 8 

0 .5 8 0 0 0 0 - 0 .9 2 8 0 0 0 0. 5 8 - 0. 9 3 

0 .9 2 8 0 0 0 - 1 .5 2 6 0 0 0 0 .9 3 - 1 .5 3 

1 .5 2 6 0 0 0 - 1 .9 3 0 0 0 0 1 . 53 - 1 .9 3 

C la s s if y J I i @i 1 1 E 3 1 1 D e let e A ll 

St y le .... , 

C la s s e s 5 

O K 1 1 C a n c e l 1 1 A p p ly I [ H e lp 
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R E S U L T S 

3. 1 Sit e S el e cti o n   

Aft er i niti al s cr e e ni n g , t h e list of c a n di d at e U S G S str e a m g a u g e st ati o ns t hr o u g h o ut Y N P 

a n d t h e Gr e at er Y ell o wst o n e r e gi o n i n cl u d e d 1 3 9 sit es wit h at l e ast 2 5 y e ar s d at a i n cl u di n g J u n e 

2 0 2 2. T o r e a c h t his p oi nt, a list of sit es t h at w er e a cti v e i n J u n e 2 0 2 2 w er e r a n k e d b y l e n gt h of 

i nst a nt a n e o us a n d d ail y dis c h ar g e r e c or ds t o e v al u at e h o w m a n y sit es h a d l o n g r e c or ds usi n g a 

t hr es h ol d of 2 5 y e ars g a v e a g o o d b al a n c e b et w e e n t ot al n u m b er of sit es a n d l e n gt h of r e c or ds.  

T h e fi n al 1 3 9 sit es h a v e t h e l o n gest, m ost c o m pl et e h y dr ol o gi c al r e c or ds o v er all a n d als o h a v e 

i nst a nt a n e o us ( 1 5- mi n ut e i nt er v al) d at a f or J u n e 2 0 2 2. 

I r a n k e d t h e 1 3 9 U S G S str e a m g a u g i n g st ati o ns b as e d o n t h e r ati o of t h e J u n e 2 0 2 2 

m a xi m u m i nst a nt a n e o us p e a k di vi d e d b y t h e gr e at est pr e vi o us a n n u al p e a k o n r e c or d. T h e t o p 1 0 

st ati o ns , c all e d “ti er o n e ” sit es h er e, h a d e v e nt p e a ks t h at e x c e e d e d t h e pr e vi o us r e c or d e d p e a k, 

i n di c at e d b y r ati os gr e at er t h a n o n e (T a bl e 1 ). Sit e s t h at s p ati all y r e pr es e nt t h e s p e ctr u m of l ess 

e xtr e m e r u n off i n a dj a c e nt w at ers h e d s w er e c h os e n s u bj e cti v el y as “ ti er t w o” sit es (T a bl e 2).   

T h e t o p t e n ti er 1 sit es h a d a n n u al p e a k fl o w fr o m j ust o v er t h e pr e vi o us r e c or d m a xi m u m 

p e a k fl ow t o al m ost t wi c e as hi g h ( T a bl e 1). Th e p e a ks w er e 2 t o 3. 4 ti m es gr e at er t h a n t h e m e a n 

a n n u al p e a k . All t h e r ati o s wer e i n t h e r e a c h of t h e J u n e 2 0 2 2 e v e nt ar e a t he Gr e at er Y ell o wst o n e 

r e gi o n (i. e., Y ell o wst o n e Ri v er, Miss o uri Ri v er, S n a k e Ri v er, a n d S h os h o n e Ri v er).   
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T a bl e 1 . T e n U S G S str e a m g a u gi n g st ati o ns wit h e xtr e m e p e a ks r el ati v e t o hist ori c p e a ks. 

Sit e I D U S G S St r e a m G a u g e 

Sit e N a m e 

R ati o: 

J u n e 2 0 2 2 P e a k/ m e a n 

p e a k 

R ati o: 

J u n e 2 0 2 2 

P e a k/ m a x p e a k 

R ati o: 

J u n e 2 0 2 2 

P e a k/ 1 0 t h p e r c. 

p e a k 

0 6 2 0 5 0 0 0 Still w at er Ri v er n e ar 

A b s ar o k a , M T 

3. 4 4 1. 9 3 5. 3 5 

0 6 2 0 8 5 0 0 Cl ar k s F or k 

Y ell o wst o n e Ri v er at 

E d g ar, M T 

2. 8 1 1. 9 3 3. 9 1 

0 6 1 8 8 0 0 0 L a m ar Ri v er n e ar T o w er 

R a n g er St ati o n , Y N P 

3. 4 8 1. 7 2 5. 3 6 

0 6 2 0 7 5 0 0 Cl ar k s F or k 

Y ell o wst o n e Ri v er 

B elfr y, M T 

2. 9 1 1. 6 0 4. 1 7 

0 6 1 9 1 0 0 0 G ar d n er Ri v er n e ar 

M a m m ot h, Y N P 

2. 6 4 1. 5 6 4. 6 1 

0 6 1 9 1 5 0 0 Y ell o wst o n e Ri v er at 

C or wi n S pri n g s, M T 

2. 7 1 1. 5 3 4. 1 4 

0 6 2 7 9 9 4 0 N ort h F or k S h o s h o n e 

Ri v er at W a piti, W Y 

2. 3 4 1. 5 1 3. 7 5 

0 6 1 9 2 5 0 0 Y ell o wst o n e Ri v er n e ar 

Li vi n g st o n, M T 

2. 5 7 1. 3 6 3. 7 9 

0 6 2 0 0 0 0 0 B o ul d er Ri v er at Bi g 

Ti m b er, M T 

1. 9 6 1. 0 9 2. 8 3 

0 6 2 1 4 5 0 0 Y ell o wst o n e Ri v er at 

Billi n g s, M T 

1. 9 8 1. 0 2 3. 0 0 
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T h e J u n e 2 0 2 2 r e c or d p e a k of t h e a v er a g e pr e vi o u s p e a k w er e r a n k e d f or a d diti o n al 

U S G S str e a m g a u g e st ati o ns ( T a bl e 2) . Th e ti er 2 sit es w er e s el e ct e d fr o m t h e r a n k e d U S G S 

str e a m g a u g e st ati o ns b y a n o bj e cti v e s p ati al a n al y sis fr o m t h e c or e dis c h ar g e e v e nt i n t h e 

Y ell o wst o n e w at ers h e d (T a bl e 2). T h e s el e ct e d st ati o ns d e m o nstr at e t h e m ost e xtr e m e p e a ks ar e 

t w o t o t hr e e ti m es gr e at er t h a n t h e a v er a g e a n d ot h er sit es w er e l ess i m p a ct e d b ut still i n 

n ei g h b ori n g w at ers h e ds ( T a bl e 1, 2). As s h o w n i n T a bl e 2 , s el e ct e d sit es f or s p ati al a n al ysis us e d 

t h e r e m ai ni n g U S G S st ati o ns, w hi c h i n cl u d e d 1 5 t h at h a d J u n e 2 0 2 2 p e a ks of 7 2- 9 4 % of t h e 

pr e vi o us m a xi m u m r e c or d e d p e a k, 3 1 wit h p e a ks of 6 0- 6 9 % of t h e pr e vi o u s r e c or d p e a k, a n d 8 5 

wit h p e a ks < 6 0 % of t h e pr e vi o us r e c or d p e a k. T h e s el e ct e d U S G S st ati o ns ar e g e o gr a p hi c all y 

a dj a c e nt t o t h e c or e a n al y sis ar e a ( T a bl e 2 a n d Fi g ur e 2). 

T a bl e 2 . U S G S str e a m g a u g e st ati o ns r e pr es e nt ati v e of l ess i m p a ct e d w at er s h e ds a dj a c e nt t o t h e 
c or e st or m ar e a . 

Sit e I D U S G S St r e a m G a u g e 

Sit e N a m e 

R ati o: 

J u n e 2 0 2 2 P e a k/ m e a n 

p e a k * 

R ati o: 

J u n e 2 0 2 2 

P e a k/ m a x p e a k * 

R ati o: 

J u n e 2 0 2 2 

P e a k/ 1 0 t h p e r c. 

p e a k * 

0 6 0 4 3 5 0 0 G all ati n Ri v er n e ar 
G all ati n G at e w a y, M T 

1. 6 4 0. 9 4 2. 3 9 

0 6 0 3 7 5 0 0 M a dis o n Ri v er n e ar W est 
Y ell o wst o n e, M T 

1. 8 1 0. 9 1 2. 6 9 

1 3 0 1 1 9 0 0 B uff al o F or k a b o v e L a v a 
Cr . n e ar M or a n, W Y 

1. 0 3 0. 6 5 1. 3 3 

0 6 2 8 1 0 0 0 S o ut h F or k S h o s h o n e 
Ri v e r a b o v e B uff al o Bill 
R es er v oir, W Y 

1. 3 8 0. 6 1 2. 4 6 

0 6 0 3 6 9 0 5 Fir e h ol e Ri v er n e ar W est 
Y ell o wst o n e, M T 

1. 5 7 0. 7 2 2. 4 5 

0 6 0 5 4 5 0 0 S o ut h F or k S h o s h o n e 
Ri v er n e ar V all e y, W Y 

1. 3 4 0. 5 6 1. 9 3 

0 6 0 5 4 5 0 0 Miss o uri Ri v er at T o st o n, 
M T 

1. 2 6 0. 6 9 2. 3 4 

0 6 2 7 9 5 0 0 Bi g h or n Ri v er at K a n e, 
W Y 

1. 1 1 0. 5 1 2. 6 0 

0 6 2 7 4 3 0 0 Bi g h or n Ri v er at B asi n, 
W Y 

0. 7 1 0. 3 1 1. 9 4 

0 6 1 9 5 6 0 0 S hi el d s Ri v er n e ar 
Li vi n g st o n, M T 

0. 6 0 0. 2 2 1. 2 8 
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0 6 0 3 6 6 5 0 J eff er s o n Ri v er n e ar 
T hr e e F or k s, M T 

1. 0 3 0. 5 1 2. 4 7 

1 3 0 1 0 0 6 5 S n a k e Ri v er a b o v e 
J a c k s o n L a k e at Fl a g g 
R a n c h, W Y 

0. 9 2 0. 5 0 1. 6 2 

0 6 1 2 7 5 0 0 M u ss els h ell Ri v er at 
M u ss els h ell, M T 

0. 1 5 0. 0 2 1. 0 8 

0 6 1 2 0 5 0 0 M u ss els h ell Ri v er at 
H arl o wt o n, M T 

0. 2 8 0. 0 5 1. 1 0 

1 3 0 1 1 5 0 0 P a cifi c Cr . at M or g a n, 
M T 

0. 7 1 0. 3 4 1. 1 7 

0 6 2 7 4 3 0 0 Bi g h or n Ri v er at B asi n, 
W Y 

0. 7 1 0. 3 1 1. 9 4 

1 3 0 3 9 5 0 0 H e nr y ’ s F or k n e ar L a k e, 
I D 

0. 7 0 0. 2 2 1. 6 0 

0 6 2 1 1 0 0 0 R e d L o d g e Cr . a b o v e 
C o o n e y R d. n e ar B o y d, 
M T 

0. 6 4 0. 1 1 2. 5 0 

0 6 2 8 5 1 0 0 S h o s h o n e Ri v er n e ar 
L o v ell, W Y 

0. 7 4 0. 2 6 1. 6 1 

3. 2 R e pr es e nt ati v e H y dr o gr a p hs 

T h e h y dr o gr a p hs i n Fi g ur e s 3- 1 0 s h o w dis c h ar g e at s el e ct e d U S G S str e a m g a u g es d uri n g 

t h e hist ori c J u n e 2 0 2 2 fl o o di n g. E a c h h y dr ogr a p h s h o ws h o w str e a mfl o w v ari es t hr o u g h ti m e a n d 

r efl e cts t h e r u n off o c c urri n g i n t h e w at ers h e d . T h e f a ct ors t h at aff e ct t h e h y dr o gr a p hs i n cl u d e 

s p ati al a n d t e m p or al distri b uti o n of r ai nf all, r at e of s n o w m elt, str e a m h y dr a uli cs a n d c h a n n el 

st or a g e, g e ol o g y, w at ers h e d t o p o gr a p h y, a n d v e g et ati o n. R ai nf all a n d s n o w m elt ar e w at er i n p uts 

t h at r efl e ct st or m c h ar a ct eristi cs a n d s n o w p a c k. T h e ot h er f a ct ors ar e w at er s h e d c h ar a ct eristi cs 

t h at aff e ct h o w m u c h w at er b e c o m es r u n off a n d h o w q ui c kl y it tr a v els. T h e h y dr o gr a p hs w er e 

c h os e n t o r e pr es e nt t h e r el ati o nshi ps b et w e e n t h e r ai n - o n-s n o w e v e nt i n p uts a n d r u n off i n 

w at ers h e d s wit h a r a n g e of r es p o ns e ti mi n g a n d p e a k m a g nit u d es.  
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Fi g u r e 3 . D ail y dis c h ar g e i n c u bi c f e et p er s e c o n d ( cfs) fr om U S G S 0 6 1 8 8 0 0 0 L a m ar Ri v er n e ar 
T o w er R a n g er St ati o n, Y N P fr o m 5/ 2 9/ 2 0 2 2 t o 7/ 3/ 2 0 2 2. 

B ot h t h e L a m ar Ri v er n e ar T o w er R a n g er St ati o n, Y N P ( U S G S g a u g e 0 6 1 8 8 0 0 0) a n d t h e 

G ar d n er Ri v er n e ar M a m m ot h, Y N P ( U S G S g a u g e 0 6 1 9 1 0 0 0) h a d p e a ks t h at w er e v er y f o c us e d 

i n ti m e, wit h e xtr e m es l asti n g a b o ut 1 2- 1 8 h ( Fi g ur e 3 a n d 5 ). T h e L a m ar Ri v er i n t h e 

h e a d w at ers of t h e Y ell o wst o n e Ri v er h a d o n e of t h e m ost e xtr e m e a n d r a pi d p e a ks. T h e  p e a k w as 

c o n c e ntr at e d i n o n e d a y, a n d t h e e ntir e r u n off e v e nt l aste d a f e w d a ys . T h e L a m ar Ri v er's ris e 

w a s als o m or e a br u pt t h a n ot h er ri v ers i n t h e c or e st or m ar e a . Th e r e as o n s f or t his r a pi d, e xtr e m e 

r u n off i n cl u d e hi g h st or m i nt e nsit y, pr e-st or m s n o w p a c k c o n diti o ns a n d w at ers h e d si z e. R ai nf all 

o c c urr e d w h e n r u n off h a d alr e a d y st art e d d u e t o s n o w m elt, s o t h at t h e h e a v y r ai n w as o n t o p of 

s n o w m elt. A cti v e s n o w m elt is s h o w n b y t h e d ail y r u n off c y cl es b ef or e t h e st or m. T h e d et ails of 

t h e r ai n’s ti mi ng a n d i nt e nsit y w er e a m plifi e d b y o n g oi n g s n o w m elt a n d c a us e d a s pi k e i n r u n off 
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s o t h at t h e b e gi n ni n g of t h e ris e w as a br u pt. T h e s h ort er r u n off dist a n c es i n s m all er w at ers h e ds 

c o ntri b ut e t o r a pi d r es p o ns es, a n d t h e f all of t h e h y dr o gr a p h w as als o c o n c e ntr at e d i n a s h ort 

p eri o d of o n e t o t hr e e d a ys. 

Fi g u r e 4 . D ail y dis c h ar g e i n c u bi c f e et p er s e c o n d ( cfs) fr om U S G S 0 6 1 9 1 0 0 0 G ar d n er Ri v er 
n e ar M a m m ot h, Y N P fr o m 6/ 1/ 2 0 2 2 t o 7/ 1/ 2 0 2 2. 

T h e p e a k o n G ar d n er Ri v er n e ar M a m m ot h w as c o n c e ntr at e d b et w e e n o n e t o 1. 5 d a ys, 

a n d t h e ris e of t h e p e a k w as f o c us e d i n ti m e o v er 1 2- 1 8 h li ke t h e L a m ar Ri v er. B ot h p e a ks w er e 

m or e a br u pt, a n d bri ef c o m p ar e d t o t h e p e a k s of ri v ers i n bi g g er w at ers h e ds wit h e xtr e m e r u n off 

s u c h as t h e Y ell o wst o n e Ri v er at C or wi n S pri n gs ( U S G S g a u g e 0 6 1 9 1 5 0 0), Li vi n gst o n ( U S G S 

g a u g e 0 6 1 9 2 5 0 0), a n d Billi n gs ( U S G S g a u g e 0 6 2 1 4 5 0 0) ( Fi g ur es 5, 6). M o vi n g d o w nstr e a m, 

p e a ks w er e l at er d u e t o t h e ti m e t o tr a v el t h e l o n g er dist a n c e a n d l ar g er d u e t o a c c u m ul ati n g 

i nfl o w. P e a ks als o b e c a m e m or e s pr e a d o ut. O n e r e as o n f or t his p e a k distri b uti o n is diff er e n c es 
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b et w e e n tri b ut ari es.  Fl o w i ncr e as es  d o w nstr e a m as tri b ut ari es c o n n e ct i nt o t h e ri v er, b ut t h e 

ti mi n g of i nfl o w e nt eri n g t h e m ai n br a n c h diff ers b et w e e n tri b ut ari es. Hi g h fl o w w as str o n gl y 

c o n c e ntr at e d i n ti m e at t h e e pi c e nt er of t h e r u n off e v e nt, b ut t h e ti mi n g of i n p uts b e c a m e s pr e a d 

o ut d o w nstr e a m wit h m or e s o ur c e ar e as c o ntri b uti n g. As s h o w n i n m a ps b el o w ( Fi g ur es 1 1 a n d 

1 2), t h e L a m ar Ri v er w at ers h e d a n d ar e as t o its n ort h e ast w er e at t h e e pi c e nt er of t h e fl o o di n g. 

A n ot h er r e as o n is t h e g e n er al t e n d e n c y of fl o o d w a v es t o s pr e a d o ut as t h e y tr a v el d o w nstr e a m.  

Fi g u r e  5. D ail y dis c h ar g e i n c u bi c f e et p er s e c o n d ( cfs) fr o m U S G S str e a m g a u g e st ati o ns i n t h e 
e pi c e nt er of t h e fl o o di n g fr o m 6/ 1 0/ 2 0 2 2 t o 6/ 2 0/ 2 0 2 2. 

A c h ar a ct eristi c s n o w - dri v e n h y dr o gr a p h r e pr es e nt e d t h e Y ell o wst o n e Ri v er , w h er e 

a v er a g e p e a k fl o ws ar e gr e at er d uri n g s pri n g r u n off c o m p ar e d t o ot h er ti m e s of t h e y e ar a n d 

i n p uts c y cl e b et w e e n ni g ht a n d d a y a n d b et w e e n w ar m a n d c ol d s p ells. D uri n g J u n e 2 0 2 2, t h e 

mi cr o p e a k s i n Fi g ur es 5 a n d 7 o c c urr e d e v er y 2 4 h d u e t o s n o w m elt, w hi c h t y pi c all y f oll o ws a 
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2 4- h c y cl e. At C or wi n S pri n gs, M T, t h er e w er e mi cr o p e a ks fr o m t h e s n o w m elt, w hi c h w as 

t y pi c al of s n o w m elt r u n off i n t h at t h e h y dr o gr a p h dis pl a ye d  t h e fl o w m o vi n g d o w nstr e a m 

a p pr o xi m at el y 1 2- 1 4 h l at er t h a n m elt, wit h dis c h ar g e p e a ki n g i n t h e e arl y m or ni n g . T h e s a m e 

t y p e of h y dr ol o g y is dis pl a y e d i n b ot h t h e L a m ar Ri v er a n d t h e Y ell o wst o n e Ri v er n e a r 

Li vi n gst o n , b ut t h e ti mi n g diff ers. T h e ris e of e a c h p e a k pr e c e d es or l a gs ot h er st ati o n s d u e t o t h e 

dist a n c e t h e fl o w tr a v els. T h is c a n b e s e e n wit h t h e t hr e e mi cr o p e a ks l e a di n g u p t o t h e m a i n 

r u n off e v e nt a n d t h e p e a k s.  R u n off g ets t o C or wi n S pri n gs a n d Li vi n gst o n s e v er al h o urs l at er d u e 

t o m or e dist a n c e t o tr a v el. 

Fi g u r e  6. D ail y dis c h ar g e i n c u bi c f e et p er s e c o n d ( cfs) fr o m U S G S str e a m g a u g e st ati o ns i n t h e 
e pi c e nt er of t h e fl o o di n g fr o m 6/ 1/ 2 0 2 2 t o 7/ 1/ 2 0 2 2. 

T h es e diff er e n c es c o nti n u e d o w nstr e a m. I n c o ntr a st t o t h e L a m ar a n d G ar d n er Ri v er s, 

w it h s h ar p p e a k s c o n c e ntr at e d b et w e e n o n e t o o n e a n d a h alf d a ys , at U S G S g a u g e 0 6 2 1 4 5 0 0, 
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Y ell o wst o n e Ri v er at Billi n gs, M T , e v e nt dis c h ar g e w as s pr e a d o v er 5 d a y s wit h m u c h m or e 

gr a d u al ris e a n d l at er p e a k. 

Fi g u r e  7. D ail y dis c h ar g e i n c u bi c f e et p er s e c o n d ( cfs) fr o m U S G S g a u g e st ati o ns r u n off fr o m 
6/ 1 0/ 2 0 2 2 t o 6/ 2 0/ 2 0 2 2. 

O n t h e m or ni n g of J u n e 1 4, 2 0 2 2, t h e fl o w fr o m t h e u pstr e a m sit es i n t h e Y ell o wst o n e 

w at ers h e d r e a c h e d Billi n gs, M T, al m ost t w o d a ys p ast t h e b e gi n ni n g of t h e fl o o di n g o n t h e 

L a m ar Ri v er. At Billi n gs, t h e ris e t o t h e p e a k t o o k al m ost t wi c e as l o n g as o n t h e s m all er 

tri b ut ari es a n d u p p er Y ell o wst o n e (i. e., C or wi n S pri n gs a n d L a m ar Ri v er st ati o ns ) a n d v er y hi g h 

fl o ws l ast e d a b o ut t w o d a ys u ntil t h e r u n off p e a k a n d b e g a n t o f all ( 0 6/ 1 4/ 2 0 2 2- 0 6/ 1 6/ 2 0 2 2). T h e 

str e a m g a u g i n g st ati o ns o n t h e m ai n st e m of t h e Y ell o wst o n e Ri v er r e pr es e nt i n cr e asi n gl y l ar g er 

w at ers h e ds a n d ri v ers wit h gr e at er r u n off v ol u m e s, a n d t h eir e v e nt h y dr o gr a p hs ar e m or e s pr e a d 

o ut a n d l ess a br u pt c o m p ar e d t o t h e p e a ks i n t h e s m all er w at ers h e ds. 
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F i g u r e 8. H y dr o gr a p hs f or U S G S str e a m g a u g e st ati o ns o utsi d e t h e u p p er Y ell o wst o n e 
h e a d w at ers wit h e xtr e m e r u n off, 6/ 1 0/ 2 0 2 2 t o 6/ 1 8/ 2 0 2 2. 

T h e ot h er t o p 1 0 a n n u al p e a k r e c or d - br e a ki n g ri v ers n ort h a n d e ast of t h e L a m ar Ri v er 

a n d u p p er Y ell o wst o n e Ri v er s h o w e d v ari ati o ns of t h e r ai n o n s n o w e v e nt r u n off, w h er e t h e 

a v er a g e p e a k fl o ws ar e gr e at er d uri n g t h e s pri n g r u n off c o m p ar e d t o ot h er ti m es of t h e y e ar a n d 

t h e mi cr o p e a ks ar e c h ar a ct eristi c of s n o w m elt p att er n  ( Fi g ur e 8). T y pi c al s n o w m elt r u n off 

b ef or e t h e st or m hit i n t h at t h e fl o w m o v e d d o w nstr e a m a p pr o xi m at el y 1 2- 1 4 h l at er t h a n m elt, 

wit h dis c h ar g e p e a ki n g i n t h e e arl y m or ni n g ( Fi g ur e 8) . As t h e dis c h ar ge m o v e d d o w nstr e a m, t h e 

c o ntri b uti o ns of t h e str e a m fl o w i ncr e as e d  r u n off i n ot h er r e gi o ns i n or n e ar Y N P t h at n ot 

n e c ess aril y w h er e t h e r ai n o c c urr e d. T h e ot h er t o p t e n sit es h a v e l ess a br u pt mi cr o p e a ks t h at ar e 

n ot c o n c e ntr at e d o v er 1 2- 2 4 h (i. e., t y pi c al of a s n o w m elt c y cl e) as c o m p ar e d t o t h e c or e sit es i n 

Y N P s u c h as L a m ar Ri v er, G ar d n er Ri v er, a n d C or wi n S pri n gs ( Fi g ur e 8). 
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Fi g u r e 9 . D ail y dis c h ar g e i n c u bi c f e et p er s e c o n d ( cfs) at f o ur U S G S g a u g es o utsi d e of t h e c or e 
ar e a of e xtr e m e r u n off fr o m 6/ 1 0/ 2 0 2 2 t o 6/ 1 8/ 2 0 2 2. 

Str e a m g a u g es o utsi d e t h e ar e a of r e c or d - br e a ki n g p e a ks s h o w e d a r a n g e of r es p o ns es 

fr o m n e arl y as e xtr e m e t o b ar el y n oti c e a bl e. R ai n c o m bi n e d wit h r a pi d s n o w m elt w as 

c o n c e ntr at e d i n t h e G all ati n Ri v er, a n d t h e r es p o n s e t o r u n off is s u bst a nti all y l ess i n t h e M a dis o n 

Ri v er . F or t h e G all ati n Ri v er n e ar G all ati n G at e w a y, M T  ( U S G S g a u g e 0 6 0 4 3 5 0 0), t h e ris e t o 

t h e p e a k w as m or e a br u pt  a n d hi g h er, r el ati v e t o hist ori c p e a ks, c o m p ar e d t o t h e p e a ks at l ess 

i m p a ct e d w at ers h e ds s u c h as t h e M a dis o n Ri v er, Fir e h ol e Ri v er, a n d S hi el ds Ri v er ( Fi g ur e 9). 

Als o of n ot e, t h er e w er e f o ur mi cr o p e a k s t y pi c al of s n o w m elt l e a di n g u p t o t h e st or m e v e nt 

r u n off, a n d e v e n t dis c h ar g e w as c o n c e ntr at e d i n o n e a n d o n e a n d h alf d a ys b ef or e f alli n g b a c k t o 

t h e pr e -e v e n t b as efl o w. 
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Fi g u r e 1 0 . D ail y dis c h ar g e i n c u bi c f e et p er s e c o n d ( cfs) fr o m L a m ar Ri v er i n t h e e pi c e nt er of 
t h e fl o o di n g c o m p ar e d t o t h e S n a k e Ri v er o utsi d e of t h e c or e ar e a e xtr e m e r u n off fr o m 
6/ 1 0/ 2 0 2 2 t o 6/ 2 0/ 2 0 2 2. 

T h e dis c h ar g e fr o m t h e L a m ar Ri v er n e ar T o w er R a n g er St ati o n, Y N P ( U S G S g a u g e 

0 6 1 8 8 0 0 0) p e a ks w er e v er y f o c us e d i n ti m e, wit h e xtr e m es l asti n g a b o ut 1 2 - 1 8 h ( Fi g ur e 1 0). 

T h e L a m ar Ri v er i n t h e h e a d w at ers of t h e Y ell o wst o n e Ri v er h a d o n e of t h e m ost e xtr e m e a n d 

r a pi d p e a ks. T h e p e a k w a s c o n c e ntr at e d i n o n e d a y, a n d t h e e ntir e r u n off e v e nt l ast e d a f e w d a ys. 

T h e L a m ar Ri v er's ris e w as als o m or e a br u pt t h a n ot h er ri v ers i n t h e c or e st or m ar e a. Hi g h fl o w 

w as str o n gl y c o n c e ntr at e d i n ti m e at t h e e pi c e nt er of t h e r u n off e v e nt. Fi g ur e 1 0 s h o ws t h e eff e ct 

of t h e hi g h fl o w r u n off w as b ar el y n oti c e a bl e i n t h e S n a k e Ri v er a b o v e J a c ks o n L a k e at Fl a g g 

R a n c h ( U S G S 1 3 0 1 0 0 6 5). T h e d at a d e m o nstr at e t h e st or m hit w h e n s n o w m elt w as alr e a d y 

o n g oi n g t h at c a n b e s e e n wit h t h e t hr e e mi cr o s p e a ks l e a di n g u p t o t h e m ai n r u n off e v e nt. D uri n g 

J u n e 2 0 2 2, b ot h w at ers h e ds r e c ei v e d a b o v e a v er a g e pr e ci pit ati o n e x c e pt t h e S n a k e Ri v er 
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w at ers h e d r e c ei v e d m u c h l ess pr e ci pit ati o n. B ot h t h e S n a k e Ri v er a n d L a m ar Ri v er dis pl a y a 

si mil ar ris e a n d f all of t h e p e a k alt h o u g h L a m ar Ri v er ris e of t h e h y dr o gr a p h p e a k is m or e a br u pt 

( Fi g ur e 1 0).   

3. 3 S p ati al E xt e nt of E xtr e m e R u n off 

B as e d o n t h e h y dr ol o gi c al a n al ysis, dis c h ar g e d uri n g t h e J u n e 2 0 2 2 e v e nt w as el e v at e d 

a b o v e a v er a g e i n m ost of t h e m aj or w at ers h e ds wit h h e a d w at ers i n t h e Gr e at er Y ell o wst o n e 

r e gi o n (i. e., Y ell o wst o n e Ri v er, Miss o uri Ri v er, S n a k e Ri v er, a n d S h os h o n e Ri v er) b ut n ot t o t h e 

s a m e d e gr e e. O n J u n e 1 3, 2 0 2 2, t h e m ost e xtr e m e fl o o di n g i n Y N P ar e a w a s c o n c e ntr at e d i n t h e 

u p p er Y ell o wst o n e Ri v er w at ers h e d ( Fi g ur e 3). At t h e m ost e xtr e m e, as m e as ur e d b y t h e r ati o of 

t h e J u n e 2 0 2 2 m a xi m u m i nst a nt a n e o us p e a k di vi d e d b y t h e gr e at est pr e vi o us a n n u al p e a k, fl o ws 

e x c e e d e d pr e vi o us r e c or d s i n t h e f oll o wi n g H y dr ol o gi c U nits: U p p er Y ell o wst o n e, U p p er 

Y ell o wst o n e- L a k e B asi n, Y ell o wst o n e H e a d w at er s, Cl ar ks F or k Y ell o wst o n e, G all ati n, a n d 

Still w at er . All of t h es e ar e p arts of t h e Y ell o wst o n e Ri v er w at ers h e d a b o v e Billi n gs, M T. T h e 

N ort h F or k S h os h o n e w at ers h e d als o dis pl a y e d r e c or d hi g h fl o w b as e d o n t h e J u n e 2 0 2 2 p e a k 

a n d m a x i m u m hist ori c p e a k. T his w at ers h e d is dir e ctl y n e xt t o t h e u p p er e n ds of t h e L a m ar Ri v er 

a n d Cl ar ks F or k Y ell o wst o n e Ri v er w at ers h e ds b ut dr ai ns e asts t o t h e Bi g h or n Ri v er. T h e 

gr e at est m e as u r e d dis c h ar g e w as o bs er v e d at t h e f oll o wi n g str e a m g a u g es st ati o ns: Y ell o wst o n e 

Ri v er at C or wi n S pri n gs, M T, L a m ar Ri v er n e ar T o w er R a n g er St ati o n, Y N P, Y ell o wst o n e Ri v er 

n e ar Li vi n gst o n, M T, G ar d n er Ri v er n e ar M a m m ot h, Y N P, a n d Still w at er Ri v er n e ar A bs ar o k a, 

M T (T a bl e 1). S o m e of t h es e p e a ks w er e f ar o utsi d e t h e hist ori c r a n g e of r e c or d e d a n n u al p e a ks.  
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T h e s p ati al e xt e nt of e xtr e m e fl o ws i n cl u d e d n ort h er n Y N P, t h e A bs ar o k a- B e art o ot h 

Wil d er n ess, a n d n ei g h b ori n g w at ers h e ds. E xtr e m e s w er e c o n c e ntr at e d i n t h e u p p er Y ell o wst o n e 

Ri v er W at ers h e d b ut als o o c c urr e d i n n ei g h b ori n g w at ers h e ds. T h e e xt e nt of e xtr e m e r u n off ar e a 

i s c o n c e ntr at e d i n 1 5 0 mil es i n di a m et er ( Fi g ur e 1 a n d 1 1). T h e r a n g e of t h e m ost e xtr e m e r u n off 

r efl e cts t h e m o u nt ai n r a n g es dir e ctl y n ort h, n ort h e ast, a n d w est of Y N P ( e. g., G all ati n R a n g e a n d 

A bs ar o k a - B e art o ot h Wil d er n ess) w h er e t h e r es p o ns e o utsi d e t h e c or e ar e a is b ar el y n oti c e a bl e i n 

t h e M a dis o n R a n g e a n d s o ut h r e gi o n of Y N P. At t h e m ost e xtr e m e, t h e gr e at est m e as ur e d 

dis c h ar g e w as o bs er v e d at t h e f oll o wi n g str e a m g a u g e st ati o ns : Y ell o wst o n e Ri v er at C or wi n 

S pri n gs, M T, L a m ar Ri v er n e ar T o w er R a n g er St ati o n, Y N P, Y ell o wst o n e Ri v er n e ar 

Li vi n gst o n, M T, G ar d n er Ri v er n e ar M a m m ot h, Y N P, a n d Still w at er Ri v er n e ar A bs ar o k a, M T 

(T a bl e 1 ). B as e d o n t h e st u d y fi n di n gs, t h e a n n u al p e a k dis c h ar g e d c o m p ar e d t h e m a xi m u m 

hist ori c p e a k fl o w w as 2-4 ti m es t h e a v er a g e at m ost st ati o ns i n t h e Y N P . T h e e xt e nt of e xtr e m e 

r u n off w as c o nsist e nt wit h t h e t y p e of n arr o wl y f o c us e d P a cifi c N ort h w est at m os p h eri c ri v er 

st or ms i nt e ns e e n o u g h t o p e n etr at e t his f ar i nt o t h e i nt eri or w est er n m o u nt ai ns. 
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Fi g u r e 1 1 . Ti er 1 Sit es R ati o of J u n e 2 0 2 2 P e a k Dis c h ar g e C o m p ar e d t o Hi st ori c A n n u al P e a ks. 

Dis c h ar g e d uri n g t h e J u n e 2 0 2 2 e v e nt w as el e v at e d a b o v e a v er a g e i n m ost of t h e m aj or 

w at ers h e ds wit h h e a d w at ers i n t h e Gr e at er Y ell o w st o n e r e gi o n (i. e., Y ell o wst o n e Ri v er, Miss o uri 

Ri v er, S n a k e Ri v er, a n d S h os h o n e Ri v er) b ut n ot t o t h e s a m e d e gr e e ( Fi g ur es 1 1, 1 2). 

J u n e 2 0 2 2 P e a k Di s c h a r g e V e r s u s M a xi m u m Hi st o ri c P e a k s at 
S el e ct e, U'l' w.. = u S St r e a m G a u g e s 

0 s o 1 0 0 k m 

L e g e n d 
U S G S Str e a m G a u g e 
R ati o J u n e 2 0 2 2 P e a k/ M a x P e a k 

• 0. 0 2 - 0. 3 2 

e 0 .3 2- 0 .5 8 

• 0. 5 8 - 0. 9 3 

• 0 .9 3- 1. 5 3 

• 1. 5 3- 1. 9 3 

H U C 8 W at er s h e d s 

Ri v er s : 
Still w at er Ri v er 
O ar k F or k Ri v er 
Y ell o w st o n e Ri v er 
L a m ar Ri v er 
G ar d n er Ri v er 
N ort h F or k S h o s h o n e Ri v er 
B o ul d er Ri v er 

• S a ra h Kir b y 
D at a S o u r c es: U S G S 
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Fi g u r e 1 2 . G e o gr a p hi c E xt e nt of J u n e 2 0 2 2 Fl o o di n g - R ati o of J u n e 2 0 2 2 P e a k Dis c h ar g e 
C o m p ar e d  t o Hist ori c A n n u al P e a ks. 

R ati o of J u n e 2 0 2 2 P e a k t o Hi g h e st Pr e vi o u s P e a k 

JII 

0 5 0 1 0 0 k m 

L e g e n d 

U S G S Str e a m G a u g e 

R ati o J u n e 2 0 2 2 P e a k/ M a x P e a k 

• 0. 0 2 - 0. 3 2 

e 0 .3 2 - 0 .5 8 

• 0 .5 8- 0 .9 3 

• 0 .9 3 - 1. 5 3 

• 1. 5 3 - 1. 9 3 

H U C 8 W at er s h e d s 

- Ri v er s: 

Stil lw at er 

O ar k F or k 
L a m ar 
G ar d n er 

Y ell o w st o n e 
S h o s h o n e 

N ort h F or k S h o s h o n e 
S o ut h F or k S h o s h o n e 

B o ul d er 

G all ati n 
M a di s o n 

Fir e h ol d 

Mi s s o uri 
B uff al o F or k 

Bi g h or n 

J eff er s o n 
S n a k e 

H e nr y' s F or k 

M u s s el s h ell 

R e d L o d g e Cr e e k 

P a cifi c Cr e e k i). 
S ar a h Kir b y 
D at a S o ur c e s : U S G S 
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DI S C U S SI O N 

4. 1 Pil ot St u d y 

M y pil ot st u d y s h o ws t h e pr e vi o us r es ults d uri n g t h e J u n e 2 0 2 2 e v e nt t h at w er e 

c o n d u ct e d as a pr eli mi n ar y h y dr ol o gi c al a n al ysis ( Fi g ur e 1 3). T h e k e y c h all e n g es wit h t h e pil ot 

st u d y w er e r etri e vi n g a n d s cr e e ni n g U S G S str e a m g a u g e sit es. T h e dis c h ar g e r e c or ds w er e n ot 

c o nsist e nt f or all t h e U S G S str e a m g a u g es i n pil ot st u d y ar e a ( P ar k C o., W Y, P ar k C o., M T, a n d 

G all ati n C o., M T) as a m aj orit y of t h e U S G S str e a m g a u g es l a c k e d 3 0 y e ar s of d ail y dis c h ar g e 

d at a. As a r es ult, t h e m a p r efl e cts t h e a v ail a bl e d at a, w hi c h ar e n ot u nif or m a cr o ss t h e r e gi o n. 

T his m a y s k e w t h e r es ult s f or t h e w at ers h e d-s c al e a n al ysis of t h e J u n e 2 0 2 2 fl o o di n g e v e nt. 

E x p a n di n g t h e st u d y ar e a o v er c a m e t h e l a c k of a v ail a bl e dis c h ar g e d at a a n d i ncr e as e d t h e 

n u m b er of g a u gi n g st ati o ns wit h l o n g r e c or ds t h at w er e us e d i n t h e a n al ysis. 

B as e d o n m y fi n di n gs, dis c h ar g e d uri n g t h e J u n e 2 0 2 2 e v e nt w as el e v at e d a b o v e a v er a g e 

i n m ost t h e w at ers h e ds b ut n ot t o t h e s a m e d e gr e e. O n J u n e 1 3, 2 0 2 2, t h e m ost e xtr e m e fl o o di n g 

i n Y N P ar e a w as c o n c e ntr at e d i n Li vi n gst o n, M T, G ar d n er, M T, t h e w est e ntr a n c e of Y N P, a n d 

t h e n ort h e ntr a n c e of Y N P. T h e r es ults of t h e pil ot st u d y ar e c o nsist e nt wit h t h e e xt e nt of e xtr e m e 

r u n off d e m o nstr at e d i n t h e e x p a n d e d h y dr ol o gi c al a n al ysis. At t h e m ost e xtr e m e ( m e as ur e d as 

r el ati v e p er c e nt of t h e 3 0-y e ar a v er a g e) , fl ow i n t h e L a m ar Ri v er w as 3 8 4 % of a v er a g e, Fir e h ol e 

Ri v er w as 3 8 0 % of a v er a g e, M a dis o n Ri v er 2 7 9 % of a v er a g e, a n d t h e Y ell o wst o n e Ri v er n e ar 

Li vi n gst o n, M T w as 1 9 2 % of a v er a g e. T h e U p p er L a m ar a n d L o w er L a m ar w at ers h e ds als o 

r e c or d e d t h e gr e at est st or m pr e ci pit ati o n i n t h e Y ell o wst o n e N ati o n al P ar k r e gi o n. O v er all, fl o w 

w as 2 t o 4 ti m es a b o v e t h e 3 0-y e ar a v er a g e dis c h ar g e at m ost st ati o ns i n t h e Y ell o wst o n e 

N ati o n al P ar k r e gi o n.   
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Fi g u r e 1 3 . Pil ot St u d y M a p of Y N P C or e Ar e a 3 0 Y e ar A v er a g e R el ati v e Dis c h ar g e . 

--- -
Y ell o w st o n e 

A v e r a g e R el 

o n al P a r k 3 0- Y r :. 

ti v e Di s c h a r g e 

L e g e n d 

- - Ri v er 

Li v in g st o n W at er.; h e d s 

Y ell o w st o n e L a k e 

G a rd n e r Ri v e r 

- Fir e h ol e Ri v er 

- U p p e r L a m ar Ri v er 

- L o w er L a m ar Ri v er 

U S G/i Str e a m G a u g e 

P er c e nt of A v g. 3 0 ~ y ,r . D i s c h ar g e ( d s) 

• 9 9 % Y el lo w st o n e L a k e O u tl et 

1 5 2 % B o ilin g R iv e r 

1 9 2 % Y el lo w st o n e Ri v er 

2 7 9 % M a d is o n Ri v er 

3 8 0 % Fir ell ol e R iv e r 

3 8 4 % L a m ar Ri v er 

' -

' 
M T 

• 
Cr e at e d b y S a ra h Kir b y J ul y 1 5, 2 0 2 2 
D at a S o ur c e s: U S G S W at er D at a, U S G S N at io n al H y dr ol o g y D at a 
Q G ~ 0 0 2 0 k m 

I D 
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M y e x p a n d e d a n al ysis a c c o m plis h e d t w o o bj e cti v e g o als: a) r e pr es e nt t h e h y dr ol o gi c al 

r u n off, a n d b) d o c u m e nt e d t h e s p ati al e xt e nt of e xtr e m e fl o ws. I r el at e d t his t o d es cri pti o ns of 

st or m i nt e nsit y a n d cli m at ol o g y c o m pil e d b y t h e N ati o n al W e at h er S er vi c e, w hi c h li n k t h e 

fl o o di n g t o a n at m os p h eri c ri v er st or m c a usi n g h e a v y r ai n o nt o m elti n g s n o w. T h e fi n di n gs m a y 

l e a d t o a n i m pr o v e d s ci e ntifi c u n d erst a n di n g of t h e li n k b et w e e n t h e Y N P r e gi o n a n d P a cifi c 

N ort h w est w et w e at h er s yst e ms t h at r ar el y r e a c h s o f ar i nl a n d. 

4. 2 E x p a n d e d H y dr ol o gi c al A n al ysis a n d M a p pi n g E xtr e m e Dis c h ar g e 

St arti n g t h e m or ni n g of J u n e 1 0 a n d e xt e n di n g u ntil J u n e 1 3, 2 0 2 2, a n at m os p h eri c ri v er 

st or m hit t h e B e art o ot h a n d A bs ar o k a M o u nt ai ns i n a n d n e ar Y N P. T h e st or m w as cl assifi e d as a 

m a xi m u m c at e g or y 5 at m os p h eri c ri v er st or m, r e s ulti n g i n n e ar -r e c or d r ai nf all i n a s h ort p eri o d 

of ti m e c o m bi n e d wit h r a pi d s n o w m elt o n g oi n g b ef or e t h e st or m e v e nt ( N O A A 2 0 2 2). T h e 

str e a ms a n d ri v ers i n t h e Y ell o wst o n e Ri v er w at er s h e d w er e alr e a d y r u n ni n g n e ar n uis a n c e fl o o d 

st a g e b ef or e t h e st or m d eli v er e d e xtr e m e a m o u nt of 7. 5- 9. 5 i n c h es of w at er fr o m r ai n a n d 

s n o w m elt o v er ni g ht ( P ol a n d et al. 2 0 2 2; N O A A 2 0 2 2; N W S 2 0 2 2). D uri n g t h e w ar m er o v er ni g ht 

t e m p er at ur es, t h e r ai n c a us e d a n a c c el er at e d m elti n g of t h e e xisti n g s n o w p a c k t h at h a d n ot 

pr e vi o usl y m elt e d d u e t o a c o ol a n d s n o w y s pri n g. T h e e x p a n d e d h y dr ol o gi c al a n al ysis at 

s el e ct e d U S G S str e a m g a u g es s h o ws t h e r el ati o ns hi p b et w e e n t h e r ai n o n s n o w e v e nt a n d t h e 

hist ori c m a g nit u d e fl o o di n g i n t h e m aj or w at ers h e ds ( Y ell o wst o n e Ri v er, Miss o uri Ri v er, a n d 

S h os h o n e Ri v er). B as e d o n t his a n al ysis, dis c h ar g e at m a n y st ati o ns i n t h e Y N P r e gi o n e x c e e d e d 

a v er a g e a n n u al p e a ks b y t w o t o t hr e e ti m es, a n d t h at s o m e w er e n e arl y t w o ti m es gr e at er t h a n t h e 

m a xi m u m hist ori c p e a k ( Y ell o wst o n e Ri v er, L a m ar Ri v er, G ar d n er Ri v er, S h os h o n e Ri v er, 

Still w at er Ri v er, a n d B o ul d er Ri v er). E xtr e m e dis c h ar g e w as c o n c e ntr at e d i n t h e u p p er 

Y ell o wst o n e Ri v er W at er s h e d b ut als o o c c urr e d i n n ei g h b ori n g w at ers h e ds.   
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T h e L a m ar Ri v er, G ar d n er Ri v er, a n d C or wi n S pri n gs, d e m o nstr at e t h e el e m e nt of ti mi n g 

( Fi g ur es 3- 5). W h e n t h e r ai n o c c urr e d, it m a y h a v e fall e n o n a n alr e a d y m elti n g s n o w p a c k w hi c h 

l e d t o a n i ncr e as e i n t h e dis c h ar g e o n J u n e 1 3, 2 0 2 2. T h e Y ell o wst o n e Ri v er s h o ws a 

c h ar a ct eristi c s n o w - dri v e n h y dr o gr a p h, w h er e a v er a g e p e a k fl o ws ar e gr e at er d uri n g s pri n g 

r u n off c o m p ar e d t o ot h er ti m es of t h e y e ar a n d i n p uts c y cl e b et w e e n ni g ht a n d d a y a n d b et w e e n 

w ar m a n d c ol d s p ells. D uri n g J u n e 2 0 2 2, t h e mi cr o p e a ks s e e n i n Fi g ur es 5 a n d 7 o c c urr e d e v er y 

2 4 h d u e t o s n o w m elt, w hi c h t y pi c all y f oll o ws a 2 4- h c y cl e. At C or wi n S pri n gs, M T, t h er e w er e 

mi cr o p e a ks fr o m t h e s n o w m elt, w hi c h w as t y pi c al of s n o w m elt r u n off i n t h at t h e h y dr o gr a p h 

dis pl a y e d t h e fl o w m o vi n g d o w nstr e a m a p pr o xi m at el y 1 2- 1 4 h l at er t h a n m elt, wit h dis c h ar g e 

p e a ki n g i n t h e e arl y m or ni n g. T h e s a m e t y p e of h y dr ol o g y is dis pl a y e d i n b ot h t h e L a m ar Ri v er 

a n d t h e Y ell o wst o n e Ri v er n e ar Li vi n gst o n, b ut t h e ti mi n g diff ers. T h e ris e of e a c h p e a k 

pr e c e d es or l a gs ot h er st ati o ns d u e t o t h e dist a n c e t h e fl o w tr a v els fr o m t h e s o ur c e. T his c a n b e 

s e e n wit h t h e t hr e e mi cr o p e a ks l e a di n g u p t o t h e m ai n r u n off e v e nt a n d t h e p e a ks. R u n off g ets t o 

C or wi n S pri n gs a n d Li vi n gst o n s e v er al h o urs l at er d u e t o m or e dist a n c e t o tr a v el. T h e m a g nit u d e 

of t h e fl o o di n g w as c o n c e ntr at e d t o t h e u p p er Y ell o wst o n e h e a d w at ers alt h o u g h ot h er str e a m 

g a g es o utsi d e t h e c or e ar e a e x p eri e n c e d dis c h ar g e b e y o n d hist ori c al r a n g e. T h e ot h er t o p t e n 

a n n u al p e a k r e c or d - br e a ki n g ri v ers n ort h a n d e ast of t h e L a m ar Ri v er a n d u p p er Y ell o wst o n e 

Ri v er s h o w e d v ari ati o ns of t h e r ai n o n s n o w e v e nt r u n off, w h er e t h e a v er a g e p e a k fl o ws ar e 

gr e at er d uri n g t h e s pri n g r u n off c o m p ar e d t o ot h er ti m es of t h e y e ar a n d t h e mi cr o p e a ks ar e 

c h ar a ct eristi c of s n o w m elt p att er n ( Fi g ur e 8). T h e h y dr o gr a p hs dis pla y e d i n Fi g ur e 8 w er e 

t y pi c al of s n o w m elt r u n off b ef or e t h e st or m hit i n t h at t h e fl o w m o v e d d o w nstr e a m 

a p pr o xi m at el y 1 2- 1 4 h l at er t h a n m elt, wit h dis c h ar g e p e a ki n g i n t h e e arl y m or ni n g. As t h e 

dis c h ar g e m o v e d d o w nstr e a m t h e c o ntri b uti o ns of t h e str e a m fl o w i ncr e as e d r u n off i n ot h er 
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r e gi o ns i n or n e ar Y N P t h at w er e n ot n e c ess aril y w h er e t h e h e a v y r ai n o c c urr e d. T h e s p ati al 

e xt e nt of t h e el e v at e d r u n off is s h o w n i n Fi g ur es 6 a n d 7, wit h e xtr e m e dis c h ar g e r e a c hi n g as f ar 

d o w nstr e a m as t h e Y ell o wst o n e Ri v er at Billi n gs, M T, as c o ntri b uti o ns of u pstr e a m fl o w l e d t o 

t h e p e a k b et w e e n J u n e 1 3 t o 1 8, 2 0 2 2. 

T h e s n o w- dri v e n h y dr o gr a p hs i n t h e a b o v e fi g ur es d e m o nstr at e h o w t h e m a g nit u d e of 

fl o o di n g w as a r es ult of a n at m os p h eri c ri v er st or m t h at hit Y N P d uri n g a n n u al s n o w m elt t y pi c al 

of s pri n g. It w as t h e c o m bi n ati o n of t h e d e gr e e of r ai n c o m bi n e d wit h r a pi d s n o w m elt t h at 

p us h e d r u n off b e y o n d its hist ori c al r a n g e. At t h e e pi c e nt er of t h e fl o o di n g, t h er e ar e t hr e e mi cr o 

p e a k s l e a di n g u p t o t h e ri s e of p e a k i n b ot h t h e L a m ar Ri v er, G ar d n er Ri v er, a n d C or wi n S pri n gs, 

t y pi c al of a s n o w-m elt c y cl e ( G ar d n er et al . 2 0 1 0) ( Fi g ur es 3- 5). D u e t o w ar m er t e m p er at ur es 

b et w e e n 7 2 -8 1 °F o n J u n e 9 t o 1 1, 2 0 2 2, t h e mi cr o p e a k s i n di c at e t h at s pri n g s n o w m elt w as i n 

pr o gr ess. T h e p e a k r ai nf all o c c urr e d b et w e e n J u n e 1 2 t o 1 3, 2 0 2 2, wit h t h e h y dr o gr a p h p e a k of 

t h e sit es i n t h e c or e st or m ar e a l a g gi n g t h e p e a k r ai nf all b y 1 2- 1 4 h o n J u n e 1 3 t o 1 4, 2 0 2 2.  I 

r el at e t h at t o t h e ti mi n g of r ai n o n a n alr e a d y m elti n g s n o w p a c k t h at c a us e d t h e r u n off i n t h e J u n e 

2 0 2 2 hist ori c fl o o d. F urt h er m or e, t h e t o p o gr a p h y of t h e Y N P r e gi o n m a y h a v e b e e n a g e o gr a p hi c 

f a ct or t h at f o c us e d t h e e xt e nt of t h e pr e ci pit ati o n e v e nt t o w ar ds n ort h er n Y N P, t h e A bs ar o k a-

B e art o ot h Wil d er n ess, a n d a dj a c e nt ar e as w h er e it d eli v er e d e xtr e m e a m o u nts of r ai n a n d s n o w 

i n a s h ort p eri o d ( P ol a n d et al. 2 0 2 2; G ol d e ns o n et al. 2 0 1 8). B as e d o n t h e i niti al e v al u ati o n of 

sit es, t h e e xtr e m e dis c h ar g e at m ost st ati o ns w er e i n t h e Y N P r e gi o n, alt h o u g h t h e fl o w i n t h e 

S n a k e Ri v er Pl ai n w as n ot e x c e pti o n al c o m p ar e d t o t h e fl o o di n g i n ot h er m aj or w at ers h e ds 

i n cl u di n g Y ell o wst o n e Ri v er, Miss o uri Ri v er, a n d S h os h o n e Ri v er. As t h e P a cifi c N ort h w est 

at m os p h eri c ri v er st or m m o v e d a cr o ss t h e S n a k e Ri v er Pl ai n t h e el e v ati o n w as a p pr o xi m at el y 

b et w e e n 2, 0 0 0- 2, 8 0 0ft, a n d pr o d u c e d littl e r ai n. T h e st or m c o nti n u e d t o c arr y m oist ur e as it 
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cli m b e d i nt o t h e Y N P r e gi o n w h er e t h e el e v ati o n is a p pr o xi m at el y 8, 0 0 0ft o v er a l ar g e ar e a, a n d 

t h e st or m r el e as e d a n e xtr e m e a m o u nt of r ai n.   

T h e h y dr o gr a p hs a n d m a ps of J u n e 2 0 2 2 p e a ks s h o w t h e ris ks of e xtr e m e fl o o di n g p os e d 

b y at m os p h eri c ri v er st or ms wit h h e a v y r ai nf all o n m elti n g s n o w i n t h e Y N P r e gi o n. I n t h e 

f ut ur e, th e N ati o n al W e at h er S er vi c e a n d c o m p ut er - b as e d h y dr ol o gi c al f or e c asti n g m o d els ar e 

pr e di cti n g w ar mi n g tr e n d s a n d e xtr e m e w e at h er e v e nts, s o s pri n g fl o o ds m a y i ncr e as e  i n 

fr e q u e n c y a n d c o ul d f u n d a m e nt all y alt er t h e Y N P r e gi o n ( U c c eli ni et al. 2 0 1 9). At m os p h eri c 

d y n a mi cs ar e s hifti n g i n r es p o ns e t o cli m at e c h a n g e i m p a cts i n cl u di n g ( 1) s hifti n g P a cifi c 

N ort h w es t st or m tr a c ks a ss o ci at e d wit h at m os p h eri c cir c ul ati o n p att er ns a n d ( 2) i n cr e asi n g 

m oist ur e c o nt e nt of air ( H ost etl er et al. 2 0 2 1; P a y n e 2 0 2 0). T h us, cl i m at e c h a n g e m a y als o 

i ncr e as e t h e ris k of P a cifi c N ort h w es t at m os p h eri c ri v er st or ms t h at m o v e i nt o t h e R o c k y 

M o u nt ai n i nt eri or a n d bri n g h e a v y w et r ai n t h at m a y c a us e fl as h fl o o di n g, h e a v y s n o w, a n d 

s e v er e wi n ds i n Y N P.  

4. 3 At m os p h eri c Ri v er St or m a n d Cli m at e C h a n g e I n cr e ase E xtr e m e Pr e ci pit ati o n i n Y N P   

A n at m os p h eri c ri v er st or m is a s yst e m of w ar m a n d e xtr e m el y w et air t h at ori gi n at es i n 

t h e tr o pi cs a n d d eli v ers m oist ur e o n t h e w est c o a st a n d s o m eti m es r e a c h es t h e R o c k y M o u nt ai ns.  

R es e ar c h h as s h o w n t h at risi n g o c e a n s urf a c e t e m p er at ur es a n d air t e m p er at ur es ar e i ncr e asi n g 

t h e a m o u nt of m oist ur e i n at m os p h eri c ri v er st or ms, a n d as a r es ult t h er e i s a n i ncr e as e  i n t h e 

r ai nf all o n l a n d ( H u a n g et al. 2 0 2 0). T h e a m o u nt of m oist ur e c arri e d b y at m os p h eri c ri v er st or ms 

will dri v e m or e e xtr e m e pr e ci pit ati o n a n d i n cr e as e  t h e ris k of fl o o di n g. P a cifi c N ort h w est 

at m os p h eri c ri v er st or ms d o n ot t y pi c all y p e n etr at e t h e i nt eri or of t h e R o c k y M o u nt ai n i nt eri or i n 

l at e s pri n g t o s u m m er ( R ut z et al. 2 0 1 4). B as e d o n t h e at m os p h eri c ri v er i nt e nsit y s c al e 
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d e v el o p e d b y t h e C e nt er f or W est er n W e at h er a n d W at er E xtr e m es ( C W 3 E 2 0 2 3), t h e J u n e 2 0 2 2 

e v e nt i n Y N P w as a m a xi m u m c at e g or y 5 or “ e x c e pti o n al ” at m os p h eri c ri v er st or m, a t y p e t h at 

c a n pr o d u c e r e c or d r ai nf all i n o n e t o t hr e e d a ys a n d c arri es t h e gr e at est ris k f or fl o o di n g. T h e 

r e s ult i n Y N P w a s t r ul y hi st o ri c fl o o di n g. I n p a rt s of Y N P , th er e w as e xtr e m e r ai nf all of 2 - 3 

i n c h es t h at f ell o v er ni g ht a n d  c o m bi n e d wit h t h e w ar m er o v er ni g ht t e m p er at ur es, c a us e d 

a c c el er at e d m elti n g of s n o w p a c k t h at h a d n ot pr e vi o usl y m elt e d d u e t o a c o ol a n d s n o w y s pri n g.  

I n t h e P a cifi c N ort h w est, i n cl u di n g I d a h o a n d w est er n M o nt a n a, at m os p h eri c ri v er st or ms 

li k e t h os e of J u n e 2 0 2 2 ar e e x p e ct e d t o i ncr e as e i n fr e q u e n c y, a n d at m os p h eri c a n d cli m at e 

s ci e ntists w h o st u d y c o n n e cti o ns b et w e e n cli m at e a n d h y dr ol o g y h a v e c o n cl u d e d t h at t h es e 

st or ms ar e li k el y li n k e d t o cli m ati c c h a n g es i n a n n u al a n d s e as o n al pr e ci pit ati o n p att er ns a n d will 

l e a d t o m or e fr e q u e nt e xtr e m e fl o o di n g b y t h e e n d of t h e c e nt ur y ( H u a n g et al. 2 0 2 0; M att h e ws 

et al. 2 0 1 8). B e c a us e t h es e t y p es of st or ms ar e i nfr e q u e nt a n d l ess st u di e d i n t h e Gr e at er 

Y ell o wst o n e r e gi o n ( R ut z et al. 2 0 1 4; G ol d e ns o n et al. 2 0 1 8), eff e cts of cli m at e c h a n g e ar e m or e 

u n c ert ai n t h er e. O v er all, t h e i ncr e as e  i n fr e q u e n c y of h e a v y r ai nf all a n d r ai n- o n-s n o w e v e nts will 

li k el y c a us e m or e fl as h fl o o di n g a n d c o ul d f u n d a m e nt all y alt er t h e Gr e at er Y ell o wst o n e 

E c os yst e m. I n Y N P , t h e m et e or ol o gi c al si g nifi c a n c e a n d l o n g-t er m i m p a ct of t h e u n pr e c e d e nt e d 

fl o o di n g will o nl y b e c o m e cl e ar o v er ti m e, b ut t h e r el ati v e a m o u nt of r u n off acr o ss  t h e r e gi o n 

aff e ct e d b y t h e J u n e 2 0 2 2 r ai n- o n-s n o w e v e nt c a n b e a n al y z e d n o w a n d us e d as a n e x a m pl e of 

p ossi bl e f ut ur e e v e nts. 

4. 4 Li mit ati o ns of t h e St u d y a n d R e c o m m e n d ati o ns f or F ut ur e I m pl e m e nt ati o n a n d R es e ar c h 

M y  st u d y h as i m p ort a nt li mit ati o ns r es ulti n g fr o m m et h o d ol o g y a n d i ns uffi ci e nt 

p u blis h e d r es e ar c h of r ai n - o n-s n o w e v e nts i n t h e i nt eri or of t h e P a cifi c N ort h w est r e gi o n. T h e 
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m et h o d ol o gi c al iss u es i n cl u d e d t h e m et h o ds us e d t o s el e ct t h e U S G S str e a m g a u g e sit es. I n m y 

s u m m er 2 0 2 2 pil ot st u d y, I us e d t h e U S G S N WI S d at a b as e b ut l a c k e d a r eli a bl e r etri e v al m et h o d 

t o effi ci e n tl y e xtr a ct d at a. F or si m pli cit y, I li mit e d sit e s el e cti o n t o c or e ar e a w at ers h e ds wit h at 

l e ast 3 0 y e ars of c o nsist e nt d at a. I n t his fi n al st u d y, I e x p a n d e d t h e sit e list t o i n cl u d e sit es wit h 

2 5- 3 0 y e ars of d at a, w hi c h i ncr e as e d t h e s a m pl e si z e b ut m a y still h a v e o mitt e d s o m e us ef ul 

sit es. Usi n g a l ar g e l atit u d e a n d l o n git u d e b o u n di n g b o x t o i d e ntif y U S G S str e a m g a u g e st ati o ns 

t hr o u g h o ut Y N P a n d t h e Gr e at er Y ell o wst o n e r e gi o n gr e atl y i ncr e as e d t h e n u m b er of sit es 

a v ail a bl e . N o n et h el ess, alt h o u g h t h er e w as a l ar g e s a m pl e si z e a cr o ss t h e r e gi o n, t h er e w as l ess 

t h a n d et ail e d c o v er a g e of s o m e c or e ar e as d u e t o t h e l o c ati o ns of g a u g es a n d g a ps i n r e c or ds at 

ot h er g a u g es. F or e x a m pl e, U S G S g a u g e 0 6 1 8 7 9 1 5 S o d a B utt e C r e e k at P ar k B o u n d ar y at Sil v er 

G at e, w as n e ar t h e c e nt er of t h e st or m b ut w as e x cl u d e d b e c a us e it h a d l ess t h a n 2 5 y e ars of d at a.   

F or f ut ur e r es e ar c h, I r e c o m m e n d a diff er e nt a p pr o a c h t o s p ati al a n al ysis f or t h e ti er t w o 

sit es, w hi c h i n cl u d e n ei g h b ori n g w at ers h e ds n e ar t h e c or e ar e a. I nst e a d of usi n g j u d g m e nt t o 

s el e ct sit es f or m a p pi n g, t h e g e o gr a p h y of r u n off s h o ul d b e a n al y z e d wit h s p ati al st atisti c al 

m et h o ds a n d i n cl u d e a l ar g er s et of str e a ms i n t h e U p p er a n d L o w er Y ell o wst o n e Ri v er 

w at ers h e d a n d ot h er b asi ns i n t h e Gr e at er Y ell o w st o n e r e gi o n. As t h e f o c us of t his st u d y is a 

r ai n- o n-s n o w e v e nt, I als o r e c o m m e n d a n a n al ysis of t h e e xt e nt t h at t h e st or m c o v er e d i n t h e 

r e gi o n usi n g a g e o gr a p hi c al s a m pli n g m et h o d t o s el e ct str e a m g a u g e sit es b as e d o n w h et h er t h e y 

w er e wit hi n w at ers h e ds t h at a ct u all y r e c ei v e d t h e st or m r ai nf all a n d s n o w. T his a p pr o a c h w as n ot 

t a ke n i n t his st u d y. I nst e a d, t h e J u n e 2 0 2 2 p e a k dis c h ar g e m a p is a b est r e pr es e nt ati o n of t h e 

s p ati al i m p a ct fr o m t h e st or m’s r u n off m o vi n g d o w nstr e a m. 



4 3 

R E F E R E N C E S CI T E D 

D e Ci c c o, L. A., Hirs c h, R. M., L or e n z, D., W at ki ns, W. D., J o h ns o n, M., 2 0 2 2, d at a R etri e v al: R 
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A P P E N DI X A 

LI S T O F 1 3 9 SI T E S R A TI O O F J U N E 2 0 2 2 M A XI M U M I N S T A N T A N E O U S P E A K 

DI VI D E D B Y G R E A T E S T P R E VI O U S A N N U A L P E A K 

Sit e I D 

J u n e 2 0 2 2 
P k/ m e a n 

p e a k * 

J u n e 2 0 2 2 
P k/ m a x 
p e a k * 

J u n e 2 0 2 2 
P k/ 1 0t h 

p er c. 
P e a k * 

Still w at er Ri v er n e ar A b s a ro k a, M T 3. 4 4 1. 9 3 5. 3 5 
Cl ar ks F or k Y ell o wst o n e Ri v er at E d g ar , M T 2. 8 1 1. 9 3 3. 9 1 
L a m ar Ri v er n e ar T o w er R a n g er St ati o n , Y N P 3. 4 8 1. 7 2 5. 3 6 
Cl ar ks F or k Y ell o wst o n e Ri v er n e ar B elfr y , M T 2. 9 1 1. 6 0 4. 1 7 
G ar d n er Ri v er n e ar M a m m ot h , Y N P 2. 6 4 1. 5 6 4. 6 1 
Y ell o wst o n e Ri v er at C or wi n S pri n gs , M T 2. 7 1 1. 5 3 4. 1 4 
N ort h F or k S h os h o n e Ri v er at W a piti , W Y 2. 3 4 1. 5 1 3. 7 5 
Y ell o wst o n e Ri v er n e ar Li vi n gst o n , M T 2. 5 7 1. 3 6 3. 7 9 
B o ul d er Ri v er at Bi g Ti m b er , M T 1. 9 6 1. 0 9 2. 8 3 
Y ell o wst o n e Ri v er at Billi n gs , M T 1. 9 8 1. 0 2 3. 0 0 
G all ati n Ri v er n e ar G all ati n G at e w a y , M T 1. 6 4 0. 9 4 2. 3 9 
M a dis o n Ri v er n e ar W est Y ell o wst o n e , M T 1. 8 1 0. 9 1 2. 6 9 
G all ati n Ri v er at L o g a n , M T 1. 6 5 0. 8 8 2. 5 4 
M a dis o n Ri v er at Kir b y R a n c h n e a r C a m er o n , M T 1. 3 9 0. 7 9 2. 5 7 
R e d R o c k C r. a b o v e L a k es , n e ar L a k e vi e w , M T 1. 4 4 0. 7 9 2. 4 3 
Pi n e C r. a b o v e Fr e m o nt L a k e , W Y 1. 1 1 0. 7 5 1. 4 5 
S al m o n Ri v er at S al m o n , I D 1. 4 7 0. 7 5 3. 3 9 
B ull L a k e C r. a b o v e B ull L a k e , W Y 1. 5 1 0. 7 3 2. 5 2 
F all Ri v er a b o v e Y ell o w st o n e C a n al N e ar S q uirr el , I D 1. 3 0 0. 7 2 1. 8 9 
Wi n d Ri v er a b o v e B o ys e n R es er v oir N e ar S h os h o ni , 
W Y 1. 5 3 0. 7 2 4. 2 2 
Fir e h ol e Ri v er n e ar W est Y ell o wst o n e , M T 1. 5 7 0. 7 2 2. 4 5 
M a dis o n Ri v er b el o w E n nis L a k e n e ar M c Allist e r, 
M T 1. 3 8 0. 7 1 2. 2 8 
Miss o uri Ri v er at T ost o n , M T 1. 2 6 0. 6 9 2. 3 4 
F all Ri v er n e ar As ht o n , I D 1. 1 4 0. 6 6 1. 5 8 
B uff al o F or k a b o v e L a v a C r. n e ar M or a n , W Y 1. 0 3 0. 6 5 1. 3 3 
Wi n d Ri v er at Ri v ert o n , W Y 1. 3 7 0. 6 5 3. 4 5 
Fis h C r. at Wils o n , W Y 1. 0 2 0. 6 4 1. 3 5 
Gr e e n Ri v er at W arr e n Bri d g e n e ar D a ni el , W Y 1. 2 4 0. 6 2 1. 8 4 
S h ell C r. a b o v e S h ell C r. R es er v oi r, W Y 1. 4 7 0. 6 1 2. 4 0 
S o ut h F or k S h os h o n e Ri v er a b o v e B uff al o Bill 
R es er v oi r, W Y 1. 3 8 0. 6 1 2. 4 6 
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Bi g H ol e Ri v er at M ai d e n R o c k n e ar Di vi d e , M T 0. 9 8 0. 6 0 1. 8 6 
Gr a nit e C a b o v e Gr a nit e S u p pl e m e nt al n e ar M o os e , 
W Y 1. 0 3 0. 6 0 1. 3 2 
T et o n Ri v er a b o v e S o ut h L ei g h C r. n e ar Dri g gs , I D 1. 1 5 0. 6 0 1. 7 5 
L e m hi Ri v er b el o w 1. 5 Di v ersi o n n e ar S al m o n , I D 1. 4 4 0. 6 0 4. 3 1 
Mi d dl e F or k R o c k C r. n e ar P hili ps b ur g , M T 1. 0 7 0. 6 0 2. 0 3 
R o c k C r. n e ar Cli nt o n , M T 1. 1 2 0. 5 9 2. 3 5 
Wi n d Ri v er a b o v e R e d C r. n e ar D u b ois , W Y 1. 2 1 0. 5 9 2. 0 2 
Wi n d Ri v er n e ar Ki n n e ar , W Y 1. 3 5 0. 5 8 3. 1 5 
S o ut h F or k S h os h o n e Ri v er n e ar V all e y , W Y 1. 3 4 0. 5 6 1. 9 3 
S o ut h F or k T et o n Ri v er n e ar R e x b ur g , I D 1. 0 3 0. 5 6 2. 5 8 
F all Ri v er n e ar S q uirr el , I D 1. 1 1 0. 5 6 1. 5 9 
R u b y Ri v er b el o w R es er v oir n e ar Al d er , M T 1. 6 7 0. 5 5 3. 2 1 
Wi n d Ri v er n e ar D u b ois , W Y 0. 9 5 0. 5 5 1. 4 6 
Littl e Bi g h or n Ri v er at St at e Li n e n e ar W y ol a , M T 1. 3 0 0. 5 5 2. 7 4 
Bi g H ol e Ri v er n e ar Gl e n , M T 0. 9 9 0. 5 4 2. 5 0 
Cl ar k F or k n e ar G al e n , M T 1. 1 3 0. 5 4 3. 1 0 
Y ell o wst o n e Ri v er at Y ell o wst o n e L a k e O utl e t, Y N P 1. 0 5 0. 5 3 1. 7 0 
W ar m S pri n gs C r. n e ar A n a c o n d a , M T 1. 1 1 0. 5 3 2. 2 1 
Di n w o o d y C r. a b o v e L a k es n e ar B urris , W Y 1. 7 5 0. 5 2 2. 9 9 
L e m hi Ri v er n e ar L e m hi , I D 1. 3 2 0. 5 2 3. 2 4 
Bi g h or n Ri v er at K a n e , W Y 1. 1 1 0. 5 1 2. 6 0 
J eff ers o n Ri v er n e ar T hr e e F or ks , M T 1. 0 3 0. 5 1 2. 4 7 
S n a k e Ri v er a b o v e R es er v oir n e ar Al pi n e , W Y 0. 9 9 0. 5 0 1. 4 8 
Bi g H ol e Ri v er b el o w M u d d C r. n e ar Wis d o m , M T 0. 9 2 0. 5 0 2. 3 0 
F all Ri v er n e ar C h est er , I D 1. 2 4 0. 5 0 1. 8 9 
S n a k e Ri v er a b o v e J a c ks o n L a k e at Fl a g g R a n c h , W Y 0. 9 2 0. 5 0 1. 6 2 
N F B el o w a c kf o ot R a b o v e Dr y G ul c h n e ar O v a n d o , 
M T 0. 7 8 0. 5 0 1. 5 0 
W ar m S pri n gs C r. at W ar m S pri n gs , M T 1. 3 7 0. 4 9 3. 4 6 
S n a k e Ri v er b el o w Fl at C r. n e ar J a c ks o n , W Y 0. 8 8 0. 4 6 1. 4 2 
Cl ar k F or k at T ur a h Bri d g e n e ar B o n n er , M T 0. 9 7 0. 4 5 2. 2 2 
J eff ers o n Ri v er n e ar T wi n Bri d g es , M T 0. 8 7 0. 4 5 2. 1 1 
H e nr ys F or k n e ar Isl a n d P ar k , I D 0. 7 2 0. 4 5 0. 9 3 
H y alit e C r. at H y alit e R e s er vi or n e a r B o z e m a n , M T 0. 9 8 0. 4 4 1. 7 0 
H e nr ys F or k at St. A nt h o n y , I D 0. 9 6 0. 4 3 1. 6 3 
S pri n g C r. at S h e e ps ki n R d. n e ar F ort H all , I D 0. 6 6 0. 4 2 0. 8 3 
Gr e ys Ri v er a b o v e R es er v oir n e ar Al pi n e , W Y 0. 9 0 0. 4 2 1. 4 6 
S n a k e Ri v er at M o os e , W Y 0. 8 1 0. 4 1 1. 1 9 
Littl e L ost Ri v er b el o w W et C r. n e ar H o w e , I D 0. 7 2 0. 4 1 1. 3 9 
Bi g H ol e Ri v er b el o w Bi g L a k e C r. at Wis d o m , M T 0. 9 0 0. 4 0 2. 6 8 
Fl at C r. b el o w C a c h e C r. n e ar J a c ks o n , W Y 0. 6 7 0. 4 0 0. 9 4 
Fli nt C r. n e ar Dr u m m o n d , M T 1. 0 2 0. 3 9 3. 2 7 
Gr os V e ntr e Ri v er at Z e nit h , W Y 0. 9 5 0. 3 9 1. 8 4 
R u b y Ri v er a b o v e o v e r es er v oir n e ar Al d er, M T 1. 3 7 0. 3 8 2. 2 6 
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Cl ar k F or k at D e er L o d g e , M T 0. 8 7 0. 3 7 2. 4 4 
T et o n Ri v er n e ar St. A nt h o n y , I D 0. 2 1 0. 3 6 1. 7 7 
Bi g L ost Ri v er b el o w M a c k a y R es er vi or n e ar M a c k a y , 
I D 0. 7 3 0. 3 6 1. 5 8 
B el o w a c kf o ot Ri v er n e ar B o n n er , M T 0. 7 3 0. 3 5 1. 5 1 
Will o w C r. n e ar H arris o n , M T 1. 1 4 0. 3 5 2. 4 8 
P a cifi c C r. at M or a n , W Y 0. 7 1 0. 3 4 1. 1 7 
M a dis o n Ri v er b el o w H e b g e n L a k e n e ar Gr a yli n g , 
M T 1. 2 9 0. 3 3 1. 9 9 
Littl e L ost Ri v er n e ar H o w e , I D 0. 7 8 0. 3 2 1. 2 0 
H e nr y’s F or k n e ar As ht o n , I D 0. 6 5 0. 3 2 1. 0 1 
Bi g h or n Ri v er at B asi n , W Y 0. 7 1 0. 3 1 1. 9 4 
Sil v er B o w C r. at W ar m S pri n gs , M T 0. 8 2 0. 3 0 1. 9 9 
S alt Ri v er a b o v e R es er v oir n e ar Et n a , W Y 0. 6 1 0. 2 9 1. 3 0 
Miss o uri Ri v er b el o w H a us er D a m n e ar H el e n a , M T 0. 7 2 0. 2 7 1. 7 7 
S n a k e Ri v er n e ar Ir wi n , I D 0. 5 5 0. 2 7 0. 8 0 
Bi g H ol e Ri v er n e ar M elr os e , M T 0. 8 3 0. 2 7 1. 8 8 
S h os h o n e Ri v er n e ar L o v ell, W Y 0. 7 4 0. 2 6 1. 6 1 
B el o w a c kf o ot Ri v er n e ar S h ell e y , I D 0. 7 1 0. 2 6 1. 2 5 
Bi g h or n Ri v er a b o v e T ull o c k C r. n e ar Bi g h or n , M T 0. 9 4 0. 2 6 2. 3 3 
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	ABSTRACT
	INTRODUCTION
	1.1 Yellowstone Watershed Flooding in 2022

	Because this type of event is relatively rare in the Greater Yellowstone region, and the June 2022 event is very recent, many questions remain to be answered including ones as basic as how extreme and extensive it was. Therefore, the overall goals of...
	1. To quantify how extreme the June 2022 event was in terms of relative river discharge compared to annual peaks and extremes at representative stream gauging stations across the region.
	2. To map spatial patterns of June 2022 event runoff to evaluate the extent of extreme runoff within the Greater Yellowstone region.
	I discuss results in the context of the unusual type of heavy rain-on-snow storm involved and potential effects of climate change based on research literature and federal agency reports.
	METHODS
	I evaluated the severity and spatial extent of extreme runoff during the June 2022 flood event by analyzing regional stream gauge data to measure event peak size relative to historic peaks, producing representative hydrographs showing the magnitude a...
	2.1 Analysis Approach
	The historic Yellowstone flooding began on June 13, 2022, and lasted for several days.  I focused on that date and the days immediately before and after it but also examined discharge records for the entire month of June to be sure to represent the e...
	I examined discharge for the selected tier 1 and tier 2 sites in detail in Excel. To display the rise and fall of discharge during event runoff, I used line and scatter graphs that straddle the periods immediately before and after June 13, 2022. The s...

	To show the spatial extent of extreme runoff, I mapped the ratio of the June 2022 peak/maximum historic peak using GIS. Stream gauge station locations (latitude and longitude) were compiled in csv files and imported into QGIS. On top of a base layer ...
	2.2 USGS Discharge Site Selection and Data Acquisition
	Streamflow data and statistics were acquired from USGS online databases using the R dataRetrieval package (DeCicco et al. 2022) and saved in csv and XLSX formats. The package’s “whatNWISsites” function was used to identify candidate USGS stream gaugi...

	Figure 1. Snapshot of the 139 candidate sites within the target latitude and longitude bounding box.
	Candidate gauging stations found in the bounding box included 901 sites with daily discharge values and 344 sites with instantaneous (15-minute interval) discharge values. Of these, 190 sites had daily and instantaneous values for June 2022 and drain...
	Selected data and statistics for these 139 sites were downloaded from USGS databases using the dataRetrieval package. These included:
	Instantaneous values for June 2022, for extracting 2022 event peaks and plotting event  hydrographs (obtained with “readNWISuv” function).
	Historic period of record annual peak flow values for comparisons to 2022  (obtained with “readNWISpeak” function).
	Daily and monthly statistics for the period of record, also for comparison to 2022  (obtained with “ readNWISstat” function).
	The June 2022 instantaneous values were either officially approved values or provisional values still under review by USGS depending on the site. Peak flow, monthly statistics, and daily statistics were all official USGS statistics that have passed a...
	Final selection of sites for graphing and mapping was based on how extreme June 2022 peak flows were compared to historic annual peaks or average June discharge values. Sites were selected to include the ones that were most extreme (tier 1) and other...
	2.2.1 Hydrographs
	In Excel, I selected the instantaneous (15-minute intervals) discharge columns for the selected sites and the date/time column. I examined discharge statistics for the selected tier 1 and tier 2 sites. Then to display the runoff in a hydrograph, I se...
	2.2.2 QGIS Mapping
	For the QGIS mapping, I used data from site selection with the ratio June 2022 peak/maximum historic peak to show the spatial extent of runoff during the June 2022 flood event, and symbolize the map to represent the relative magnitude of discharge in...
	Convert Data to QGIS Format: Step 1 was to convert the data from excel format to a csv file to import the data into QGIS. In Excel, select data for the project including: USGS site id, USGS stream gauge site name, ratio of June 2022 peak/max peak, lat...
	Import Data to QGIS: Step 1 was to open QGIS to add a delimited text layer to the project. Step 2 was to open the project tab and select a new project. Step 3 was to select the data source manager icon to search for the csv. file, select the csv. file...
	Add Basemap to QGIS: QGIS itself does not have the functionality to support many different types of basemaps. Basemaps can be added to QGIS by searching the web support feature and adding the proper map source into QGIS. Step 1 was to open the browser...
	Add Hydrologic Unit Codes (HUCs) to QGIS: The Watershed Boundary Dataset (WBD) contains the USGS national Hydrologic Units that are delineated by successively smaller hydrologic units which are HUCs. The HUC is assigned a unit number that provides a w...
	Add Symbology in QGIS: The symbology layer is part of the symbol attached to the data used to represent a map layer. The symbology is used to represent part of the HUC relative discharge defined by the June 2022 peak/max peak ratio. Step 1 was to open...
	Figure 2. QGIS Symbology Classification
	RESULTS

	3.1 Site Selection
	I ranked the 139 USGS stream gauging stations based on the ratio of the June 2022 maximum instantaneous peak divided by the greatest previous annual peak on record. The top 10 stations, called “tier one” sites here, had event peaks that exceeded the ...
	The top ten tier 1 sites had annual peak flow from just over the previous record maximum peak flow to almost twice as high (Table 1). The peaks were 2 to 3.4 times greater than the mean annual peak. All the ratios were in the reach of the June 2022 e...
	Table 1. Ten USGS stream gauging stations with extreme peaks relative to historic peaks.
	The June 2022 record peak of the average previous peak were ranked for additional USGS stream gauge stations (Table 2). The tier 2 sites were selected from the ranked USGS stream gauge stations by an objective spatial analysis from the core discharge ...
	Table 2. USGS stream gauge stations representative of less impacted watersheds adjacent to the core storm area.
	3.2 Representative Hydrographs

	The hydrographs in Figures 3-10 show discharge at selected USGS stream gauges during the historic June 2022 flooding. Each hydrograph shows how streamflow varies through time and reflects the runoff occurring in the watershed. The factors that affect...
	Figure 3. Daily discharge in cubic feet per second (cfs) from USGS 06188000 Lamar River near Tower Ranger Station, YNP from 5/29/2022 to 7/3/2022.
	Both the Lamar River near Tower Ranger Station, YNP (USGS gauge 06188000) and the Gardner River near Mammoth, YNP (USGS gauge 06191000) had peaks that were very focused in time, with extremes lasting about 12-18 h (Figure 3 and 5). The Lamar River in...
	Figure 4. Daily discharge in cubic feet per second (cfs) from USGS 06191000 Gardner River near Mammoth, YNP from 6/1/2022 to 7/1/2022.
	The peak on Gardner River near Mammoth was concentrated between one to 1.5 days, and the rise of the peak was focused in time over 12-18 h like the Lamar River. Both peaks were more abrupt, and brief compared to the peaks of rivers in bigger watershe...
	Figure 5. Daily discharge in cubic feet per second (cfs) from USGS stream gauge stations in the epicenter of the flooding from 6/10/2022 to 6/20/2022.
	A characteristic snow-driven hydrograph represented the Yellowstone River, where average peak flows are greater during spring runoff compared to other times of the year and inputs cycle between night and day and between warm and cold spells. During J...
	Figure 6. Daily discharge in cubic feet per second (cfs) from USGS stream gauge stations in the epicenter of the flooding from 6/1/2022 to 7/1/2022.
	These differences continue downstream. In contrast to the Lamar and Gardner Rivers, with sharp peaks concentrated between one to one and a half days, at USGS gauge 06214500, Yellowstone River at Billings, MT, event discharge was spread over 5 days wi...
	Figure 7. Daily discharge in cubic feet per second (cfs) from USGS gauge stations runoff from 6/10/2022 to 6/20/2022.
	On the morning of June 14, 2022, the flow from the upstream sites in the Yellowstone watershed reached Billings, MT, almost two days past the beginning of the flooding on the Lamar River. At Billings, the rise to the peak took almost twice as long as...
	Figure 8. Hydrographs for USGS stream gauge stations outside the upper Yellowstone headwaters with extreme runoff, 6/10/2022 to 6/18/2022.
	The other top 10 annual peak record-breaking rivers north and east of the Lamar River and upper Yellowstone River showed variations of the rain on snow event runoff, where the average peak flows are greater during the spring runoff compared to other ...
	Figure 9. Daily discharge in cubic feet per second (cfs) at four USGS gauges outside of the core area of extreme runoff from 6/10/2022 to 6/18/2022.
	Stream gauges outside the area of record-breaking peaks showed a range of responses from nearly as extreme to barely noticeable. Rain combined with rapid snowmelt was concentrated in the Gallatin River, and the response to runoff is substantially les...
	Figure 10. Daily discharge in cubic feet per second (cfs) from Lamar River in the epicenter of the flooding compared to the Snake River outside of the core area extreme runoff from 6/10/2022 to 6/20/2022.
	The discharge from the Lamar River near Tower Ranger Station, YNP (USGS gauge 06188000) peaks were very focused in time, with extremes lasting about 12-18 h (Figure 10). The Lamar River in the headwaters of the Yellowstone River had one of the most e...
	3.3 Spatial Extent of Extreme Runoff
	Based on the hydrological analysis, discharge during the June 2022 event was elevated above average in most of the major watersheds with headwaters in the Greater Yellowstone region (i.e., Yellowstone River, Missouri River, Snake River, and Shoshone R...
	The spatial extent of extreme flows included northern YNP, the Absaroka-Beartooth Wilderness, and neighboring watersheds. Extremes were concentrated in the upper Yellowstone River Watershed but also occurred in neighboring watersheds. The extent of ex...

	DISCUSSION
	4.1 Pilot Study
	My pilot study shows the previous results during the June 2022 event that were conducted as a preliminary hydrological analysis (Figure 13). The key challenges with the pilot study were retrieving and screening USGS stream gauge sites. The discharge ...
	Based on my findings, discharge during the June 2022 event was elevated above average in most the watersheds but not to the same degree. On June 13, 2022, the most extreme flooding in YNP area was concentrated in Livingston, MT, Gardner, MT, the west...
	Figure 13. Pilot Study Map of YNP Core Area 30 Year Average Relative Discharge.
	My expanded analysis accomplished two objective goals: a) represent the hydrological runoff, and b) documented the spatial extent of extreme flows. I related this to descriptions of storm intensity and climatology compiled by the National Weather Serv...
	4.2 Expanded Hydrological Analysis and Mapping Extreme Discharge

	Starting the morning of June 10 and extending until June 13, 2022, an atmospheric river storm hit the Beartooth and Absaroka Mountains in and near YNP. The storm was classified as a maximum category 5 atmospheric river storm, resulting in near-record ...
	The Lamar River, Gardner River, and Corwin Springs, demonstrate the element of timing (Figures 3-5). When the rain occurred, it may have fallen on an already melting snowpack which led to an increase in the discharge on June 13, 2022. The Yellowstone...
	The snow-driven hydrographs in the above figures demonstrate how the magnitude of flooding was a result of an atmospheric river storm that hit YNP during annual snowmelt typical of spring. It was the combination of the degree of rain combined with rap...
	The hydrographs and maps of June 2022 peaks show the risks of extreme flooding posed by atmospheric river storms with heavy rainfall on melting snow in the YNP region. In the future, the National Weather Service and computer-based hydrological forecas...
	4.3 Atmospheric River Storm and Climate Change Increase Extreme Precipitation in YNP
	An atmospheric river storm is a system of warm and extremely wet air that originates in the tropics and delivers moisture on the west coast and sometimes reaches the Rocky Mountains.  Research has shown that rising ocean surface temperatures and air t...
	In the Pacific Northwest, including Idaho and western Montana, atmospheric river storms like those of June 2022 are expected to increase in frequency, and atmospheric and climate scientists who study connections between climate and hydrology have conc...
	4.4 Limitations of the Study and Recommendations for Future Implementation and Research
	My study has important limitations resulting from methodology and insufficient published research of rain-on-snow events in the interior of the Pacific Northwest region. The methodological issues included the methods used to select the USGS stream gau...
	For future research, I recommend a different approach to spatial analysis for the tier two sites, which include neighboring watersheds near the core area. Instead of using judgment to select sites for mapping, the geography of runoff should be analyze...
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