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ABSTRACT: This study uses a hydrologic‐balance model to evaluate the range of precipitation and temperature
(P‐T) conditions required to sustain Lake Bonneville at two lake levels during the late Pleistocene. Intersection with a
second set of P‐T curves determined from glacial modelling in the nearby Wasatch Mountains places tighter climatic
constraints that suggest gradually increasing wetness from ~21 to 15 ka. Specifically, during the latter part of the Last
Glacial Maximum (LGM) (~21–20 ka), Lake Bonneville approached its highest level under conditions roughly 9.5°C
colder but only 7% wetter than modern. As the lake reached its pre‐flood Bonneville level (~18.2–17.5 ka), climate
conditions were ~16% wetter and ~9°C colder than modern. By ca. 15–14.8 ka, Lake Bonneville abandoned the
overflowing Provo level under conditions that were ~21% wetter and ~7°C cooler. These results suggest that regional
LGM highstands were not caused by large increases in precipitation, but rather by a climatic optimum in which
moderate wetness combined with depressed temperatures to create a positive hydrologic budget. Later highstands
during Heinrich I from 17 to 15 ka were likely achieved under gradual increases in precipitation, prior to a transition
to drier conditions after 15 ka. © 2021 John Wiley & Sons, Ltd.
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Introduction
Freshwater availability is a concern in the southwestern United
States, where natural changes in temperature and precipitation
over the last 30 000 years have resulted in dramatic fluctua-
tions of this resource. Climate models predict that continued
climate change will cause dry regions like the southwestern
United States to become even drier (e.g. Cook et al., 2015;
Cook et al., 2020; Seager and Vecchi, 2010), leading to
increased aridity and reduced freshwater availability. Signifi-
cant runoff declines are anticipated across western North
America even under the most conservative estimates of
warming, and the risk of extreme drought across the region
is expected to increase by over 100% before the end of the
21st century (Cook et al., 2020; Hatchett, 2018). Accordingly,
there is an immediate need for accurate models of future
precipitation in the southwestern United States, which benefits
from benchmarking with reliable estimates of past and present
terrestrial water balance. To this end, this study employs water‐
balance modelling to constrain palaeoclimate conditions
during two late Pleistocene stages of pluvial Lake Bonneville
in the Great Basin of the southwestern United States (Fig. 1).
While similar reconstructions already exist (Ibarra et al., 2019;
Matsubara and Howard, 2009), this study explores the
robustness of these results by using a different methodology
(Condom et al., 2004) and integrating it with a highly refined
alpine glacial chronology (Quirk et al., 2020).
Former high levels of Lake Bonneville are recorded by the

presence of beaches, deltas, wave‐cut platforms and other

landforms (Gilbert, 1890). The spatial distribution of these
features reveals the extent of the ancient lake and dating of
these landforms and other intrabasinal deposits constrains the
timing of past fluctuations in lake area. Most pluvial lakes in
the Great Basin of the western United States reached their
maximum extents between 21 000 and 15 000 years ago
(21–15 ka) (Benson et al., 1990; Hudson et al., 2019; Munroe
and Laabs, 2013b) during the latter part of the global Last
Glacial Maximum (LGM) and the early part of subsequent
deglaciation. Lake Bonneville was the largest pluvial lake in
the region, filling a series of extensional‐tectonic basins
including the basin occupied by the modern Great Salt Lake.
Bonneville was dominantly fed by the Bear, Weber and Provo
Rivers draining from the Wasatch and Uinta mountain ranges,
and the Sevier and Beaver Rivers in west‐central Utah
(Oviatt, 2015). Lake Bonneville had a maximum surface area
in excess of 50 000 km2 (Hostetler et al., 1994; Oviatt, 2015).
The late Pleistocene chronology of the lake is known from
numerous studies, primarily based on radiocarbon dating of
carbonates and organic matter preserved in lacustrine sedi-
ment (e.g. Broecker and Kaufman, 1965; Currey and
Oviatt, 1985; Currey, 1990; Godsey et al., 2005; Scott
et al., 1983), tephrastratigraphy of intrabasinal deposits (Miller
et al., 2008; Oviatt and Nash, 1989; 2014), palaeomagnetic
properties of lake sediment (Benson et al., 2011) and uranium‐
series dating of cave carbonates (McGee et al., 2012), as
summarised by Oviatt (2015). The last major transgression of
Lake Bonneville began at ca. 29 ka, and was interrupted by
notable oscillations in elevation (Oviatt, 1997). The transgres-
sion spanned at least 10 000 years and included a brief
(centuries or less) occupation of the prominent Stansbury
shoreline (1380m above sea level (asl)) at ca. 25 ka
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( O vi attet al ., 1 9 9 0). T h e l a k e c o nti n u e d t o ris e i n its
t o p o gr a p hi c all y cl os e d b asi n, u n d er g oi n g at l e ast t hr e e
s u bs e q u e nt os cill ati o ns at c a . 2 2, 2 1 a n d 1 9 k a ( O vi att, 1 9 9 7),
b ef or e r e a c hi n g a  m a xi m u m el e v ati o n of 1 5 5 0  m asl  w h er e it
b e g a n t o o v erfl o w,  m ar k e d b y t h e pr o mi n e nt  B o n n e vill e
s h or eli n e.

Alt h o u g h s o m e st u di es h a v e pr o p os e d t h at L a k e  B o n n e vill e
o v erfl o w e d f or a p eri o d of h u n dr e ds of y e ars or l o n g er
( P a c k, 1 9 3 9;  Willi a ms, 1 9 5 2),  O vi att a n d J e w ell ( 2 0 1 6) r e p ort
wi d es pr e a d g e o m or p hi c e vi d e n c e s u p p orti n g t h e i nf er e n c e of
G. K.  Gil b ert ( 1 8 9 0) t h at t h e  B o n n e vill e s h or eli n e  w as o c c u pi e d
o nl y bri efl y b ef or e c at astr o p hi c f ail ur e of t h e sill at its o v erfl o w
p oi nt r es ult e d i n a 1 1 0  m dr o p i n  w at er s urf a c e el e v ati o n at c a .

1 8. 2 k a ( Lift o n et al ., 2 0 1 5;  O' C o n n or, 1 9 9 3; 2 0 1 6). T h e l a k e
t h e n st a bilis e d a n d b e g a n t o o v erfl o w at 1 4 4 0– 1 4 5 0  m asl,
f or mi n g t h e pr o mi n e nt Pr o v o s h or eli n e,  w hi c h is  m ar k e d b y
n e ars h or e d e p osits a n d br o a d  w a v e ‐c ut pl atf or ms t hr o u g h o ut t h e
B o n n e vill e b asi n.  Alt h o u g h n u m er o us r a di o c ar b o n a g es li mit t h e
ti m e  w h e n t h e Pr o v o s h or eli n e  w as o c c u pi e d t o 1 8. 2– 1 4. 8 k a
( G o ds e y et al ., 2 0 0 5;  Mill er et al ., 2 0 1 3), it is u n cl e ar  w h et h er
o v erfl o w  w as c o nti n u o us d uri n g t his ti m e ( Mill er, 2 0 1 6).  Aft er c a .
1 4. 8 k a, L a k e  B o n n e vill e r e gr ess e d a n d a b a n d o n e d t h e Pr o v o
s h or eli n e, pr es u m a bl y d u e t o a  w ar m er a n d dri er cli m at e i n t h e
L a k e  B o n n e vill e b asi n ( G o ds e y et al ., 2 0 1 1), a n d r e a c h e d a n
el e v ati o n n e ar t h e  m o d er n  Gr e at S alt L a k e b y c a . 1 3 k a
( O vi att, 2 0 1 5).  D es pit e t h e a p p ar e nt e x a ct n ess of t his c hr o n ol o g y,
w e a c k n o wl e d g e t h at n o n e of t h es e e v e nts is k n o w n  wit h c e nt ur y
or s u b ‐c e nt ur y pr e cisi o n.  H er e aft er  w e us e ‘c a .’ t o d e n ot e e v e nts
w h os e a n al yti c al pr e cisi o n s u g g ests t h at ti mi n g is k n o w n  wit h
s u b‐mill e n ni al r es ol uti o n, b ut f or  w hi c h si g nifi c a nt s yst e m ati c
u n c ert ai nti es r e m ai n.

A s t h e l ar g est of t h e  Gr e at  B a si n pl u vi al l a k es, L a k e
B o n n e vill e' s ri s e a n d f all i s a criti c al r e c or d er of r e gi o n al
h y dr ol o gi c c h a n g e i n t h e  Gr e at  B a si n. T hi s st u d y f o c us es o n
c o nstr ai ni n g t h e cli m ati c c o n diti o ns r e s p o n si bl e f or t h e
f or m ati o n of t hi s l a k e. S p e cifi c all y, b y c o m bi ni n g a h y dr o-
l o gi c  m o d el  wit h pr e vi o u s r e s ult s fr o m e n er g y‐b al a n c e
m o d elli n g of n e ar b y gl a ci er s,  w e ar e a bl e t o e sti m at e t h e
f a ct or s b y  w hi c h t e m p er at ur e ( T) d e cr e a s e d a n d pr e ci pit ati o n
( P) i n cr e a s e d (r el ati v e t o  m o d er n) at t h e ti m e s  w h e n t h e
B o n n e vill e a n d Pr o v o s h or eli n e s  w er e o c c u pi e d.  W e fir st u s e
m o d er n cli m at e d at a t o c ali br at e a n e v a p or ati o n  m o d el f or
t h e L a k e  B o n n e vill e b asi n.  W e t h e n us e t hi s r e gi o n all y
c ali br at e d e v a p or ati o n  m o d el  wit hi n t h e h y dr ol o gi c b al a n c e
a p pr o a c h d e v el o p e d b y  C o n d o m et al . ( 2 0 0 4) t o g e n er at e t w o
s et s of P ‐T c h a n g e s t h at c o ul d h a v e s u st ai n e d t h e l a k e at t h e
B o n n e vill e a n d Pr o v o l e v el s. Fi n all y,  w e i nt er s e ct t h es e P ‐T
esti m at e s  wit h t h os e d eri v e d fr o m gl a ci er r e c o nstr u cti o ns i n
t h e n e ar b y  W a s at c h  M o u nt ai n s t o pr o vi d e ti g ht er c o n str ai nt s
o n p al a e o cli m at e c o n diti o ns i n t hi s r e gi o n ( Q uir k et al ., 2 0 2 0).
O ur r e s ult s pr o vi d e e vi d e n c e a g ai n st t h e i d e a t h at l ar g e
i n cr e a s es i n pr e ci pit ati o n dr o v e l a k e tr a n s gr es si o n s d uri n g t h e
L G M ( e. g.  A nt e v s 1 9 4 8;  H ost etl er a n d  B e ns o n 1 9 9 0), a n d
i n st e a d s u g g est t h at c ol d er t e m p er at ur e s c o m bi n e d  wit h
r e d u c e d s u m m er e v a p or ati o n e n a bl e d t h e ri s e of L a k e
B o n n e vill e fr o m 2 2 t o 1 8 k a.

M et h o ds

W at er ‐b al a n c e  m o d el o v er vi e w

T hi s st u d y e m pl o y s a  m o difi e d v er si o n of t h e l u m p e d  w at er ‐
b al a n c e  m o d el d e v el o p e d b y  C o n d o m et al . ( 2 0 0 4) a n d i s
i m pl e m e nt e d h er e i n  M A T L A B.  At t h e bi g g e st s c al e, t hi s
m o d el c o m p ut e s e v a p or ati v e l o s s e s fr o m t h e l a k e a n d
w at er s h e d a s a f u n cti o n of t e m p er at ur e a n d r a di ati o n a n d
att e m pt s t o b al a n c e t h e m a g ai n st pr e ci pit ati o n i n p ut s. T hi s i s
e x pr e s s e d  m at h e m ati c all y a s:

/ = = − ( + )P E  Etd Z d T  0 L a k e  ws ( 1)

w h er e d Z/ d T d e n ot es c h a n g e i n l a k e s urf a c e el e v ati o n o v er
ti m e, P is pr e ci pit ati o n r at e ( m m/ m o nt h), Et ws i s e v a p otr a n-
s pir ati o n r at e fr o m t h e l a n d s urf a c e ( m m/ m o nt h), a n d E L a k e i s
e v a p or ati o n r at e fr o m t h e l a k e s urf a c e ( C o n d o m et al ., 2 0 0 4).

T h e t w o e v a p or ati o n t er ms ( E l a k e a n d Et ws ) ar e c o m p ut e d fr o m
st a n d ar d e v a p or ati o n e q u ati o ns, of  w hi c h  m a n y h a v e b e e n
pr o p os e d i n t h e lit er at ur e (s e e r e vi e w b y  X u a n d Si n g h, 2 0 0 0).
T h es e ar e all e m piri c all y d eri v e d r a di ati o n ‐b as e d e q u ati o ns
t h at ar e v er y si mil ar i n f or m a n d h a v e b e e n s h o w n t o h a v e
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Fi g ur e 1. A)  M a p of L a k e  B o n n e vill e at its hi g h est e xt e nt, al o n g  wit h
pl u vi al l a k es Fr a n kli n ( F),  Cl o v er ( C) a n d  W ari n g ( W) ( R e h eis, 1 9 9 9).
M o d er n l a k e l o c ati o ns ar e s h o w n i n d ar k bl u e. T h e alt er e d  w at ers h e d
of t h e  Gr e at S alt L a k e ( G S L) a c c o u nts f or r e gi o ns t o t h e  w est a n d s o ut h
t h at ar e  wit hi n t h e p h ysi c al  G S L  w at ers h e d, b ut ar e n ot a s o ur c e of
s urf a c e i nfl o w or gr o u n d w at er r e c h ar g e t o t h e  G S L ( W hit e et al ., 2 0 1 4).
P a n e v a p or ati o n a n d  w e at h er d at a f or t his st u d y  w er e o bt ai n e d fr o m
st ati o ns i n L o g a n,  O g d e n, S alt L a k e  Cit y ( S L C), Pr o v o a n d  D elt a.  B)
T ot al a n n u al pr e ci pit ati o n o v er t h e st u d y ar e a d eri v e d b y s u m mi n g t h e
m o nt hl y P RI S M gri ds.  C)  M e a n a n n u al t e m p er at ur e d eri v e d b y
a v er a gi n g t h e  m o nt hl y P RI S M gri ds. [ C ol or fi g ur e c a n b e vi e w e d at
wil e y o nli n eli br ar y. c o m]
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g o o d pr e di cti v e p o w er a cr oss a r a n g e of cli m ati c s etti n gs.
B e c a us e  w e h a v e n o a pri ori r e as o n t o c h o os e o n e o v er t h e ot h er,
w e first c o m p ar e t h e a bilit y of t hr e e st a n d ar d e v a p or ati o n
e q u ati o ns ( A bt e w, 1 9 9 6; T ur c, 1 9 6 1;  C o n d o m et al ., 2 0 0 4) t o
pr e di ct o bs er v e d p a n e v a p or ati o n ( W est er n  R e gi o n al  Cli m at e
C e nt er, 2 0 1 9) at fi v e sit es t hr o u g h o ut t h e  B o n n e vill e b asi n ( S alt
L a k e  Cit y, Pr o v o, L o g a n,  O g d e n a n d  D elt a,  Ut a h; Fi g. 1). T h es e
st ati o ns  w er e s el e ct e d f or t h eir l o c ati o n a n d d at a a v ail a bilit y, b ut
als o r e pr es e nt a  wi d e r a n g e i n  m e a n  m o nt hl y t e m p er at ur e ( ‐4. 5 t o
2 6 °C) a n d pr e ci pit ati o n ( 8 – 7 2  m m/ m o nt h).  D at a fr o m t h es e
st ati o ns ar e r e c or d e d as  m o nt hl y s u ms or a v er a g es, a n d
e v a p or ati o n is n ot  m e as ur e d d uri n g  wi nt er  m o nt hs  w h e n
t e m p er at ur es ar e c o m m o nl y b el o w fr e e zi n g.

T h e  A bt e w ( 1 9 9 6) e q u ati o n  m o d els p ot e nti al e v a p or ati o n as
a f u n cti o n of s ol ar r a di ati o n a n d a l o c ati o n ‐s p e cifi c c ali br ati o n
f a ct or:

= × ( / λ )E P  K  R g ( 2)

w h er e E P is p ot e nti al e v a p or ati o n ( m m d a y‐1 ), R g is t ot al s ol ar
r a di ati o n ( MJ  m‐2 d a y ‐1 ), λ is l at e nt h e at ( MJ k g‐1 ), a n d K is a
u nitl ess c o effi ci e nt us e d as a c ali br ati o n f a ct or.

T h e T ur c ( 1 9 6 1) e q u ati o n i n cl u d es a n a d diti o n al t e m p er a -
t ur e t er m:

= × ( / + ) × ( + )E P  K T T  R g1 5 5 0 ( 3)

w h er e E P is p ot e nti al e v a p or ati o n ( m m d a y‐1 ), T is air
t e m p er at ur e (°C) a n d R g is s ol ar r a di ati o n ( c al c m‐2 d a y ‐1 ).

Fi n all y, t h e  C o n d o m et al . ( 2 0 0 4)  m o d el is d eri v e d fr o m  X u
a n d Si n g h ( 2 0 0 0) a n d  H ar gr e a v es ( 1 9 7 5) a n d us es t h e s a m e
v ari a bl es as t h e T ur c  m o d el i n a diff er e nt f or m ul ati o n:

= (  / λ ) × (  +  ) ×E P  R g T K1 7. 8 ( 4)

w h er e E P is p ot e nti al e v a p or ati o n ( m m d a y‐1 ), R g is t h e t ot al
s ol ar r a di ati o n (i n J c m ‐2 d a y ‐1 ), T is air t e m p er at ur e (°C), a n d λ
is l at e nt h e at ( C al/ g), c al c ul at e d h er e as:

λ = − T5 9 5 0. 5 1 ( 5)

All of t h es e  m o d els i n cl u d e a l o c ati o n ‐s p e cifi c c o effi ci e nt K ,
w hi c h  m ust b e l o c all y c ali br at e d,  w hi c h p os es a u ni q u e
c h all e n g e i n t h e  B o n n e vill e b asi n b e c a us e of t h e i m m e ns e
w at ers h e d of L a k e  B o n n e vill e at its hi g h est l e v el.  W e a p pr o a c h
t his pr o bl e m b y o pti misi n g K at e a c h of t h e fi v e p a n
e v a p or ati o n l o c ati o ns  m e nti o n e d a b o v e a n d a v er a gi n g t h e
v al u es t o pr o d u c e a si n gl e c ali br ati o n f a ct or r e pr es e nt ati v e of
t h e b asi n as a  w h ol e. T his pr o c ess is ill ustr at e d gr a p hi c all y i n
Fi g. 2. T h e first st e p is t o  m ulti pl y o bs er v e d p a n e v a p or ati o n at
e a c h st ati o n b y a c o effi ci e nt of 0. 7 5 t o a c c o u nt f or t h e
e n h a n c e d e v a p or ati o n fr o m a p a n r el ati v e t o  w at er fr o m t h e
s oil or l a k e s urf a c e.  A f a ct or of 0. 7 5  w as s el e ct e d b as e d o n
r e c o m m e n d ati o n fr o m t h e T as k  C o m mitt e e o n  H y dr ol o g y
H a n d b o o k ( 1 9 9 6) f or p a n e v a p or ati o n c ali br ati o n i n t his
r e gi o n. T h e s e c o n d st e p is t o i d e ntif y t h e b est‐fit K v al u e f or
e a c h e v a p or ati o n  m o d el at e a c h st ati o n b y  mi ni misi n g t h e
s u m of t h e s q u ar e d r esi d u als ( S S R) b et w e e n o bs er v e d a n d
m o d el ‐pr e di ct e d p a n e v a p or ati o n f or a 1 2 ‐m o nt h y e ar at t h at
st ati o n (i. e., 1 2 r esi d u als).  M o nt hl y ‘at st ati o n ’ e v a p or ati o n is
c o m p ut e d usi n g  m e a n  m o nt hl y i ns ol ati o n,  w hi c h is c al c ul at e d
fr o m h o url y t ot al dir e ct a n d diff us e s ol ar r a di ati o n d at a fr o m
t h e  N ati o n al S ol ar  R a di ati o n  D at a b as e 1 9 9 1– 2 0 1 0 ( S e n g u pt a
et al ., 2 0 1 8) a n d  m e a n t e m p er at ur e v al u es fr o m  w e at h er
st ati o n d at a at t h e st ati o n of i nt er est ( d at a ar c hi v e d b y t h e
W est er n  R e gi o n al  Cli m at e  C e nt er). Fi n all y, st ati o n ‐s p e cifi c S S R
a n d K v al u es ar e a v er a g e d t o cr e at e si n gl e S S R a n d K v al u es f or
e a c h e v a p or ati o n  m o d el ( Fi g. 2).

O n e p ot e nti al iss u e  wit h t his a p pr o a c h is t h at st ati o ns
a v ail a bl e f or c ali br ati o n of t h e e v a p or ati o n p ar a m et er K ar e
l o c at e d  wit hi n a r el ati v el y r estri ct e d p art of t h e L a k e
B o n n e vill e  w at ers h e d.  N o n et h el ess  w e ar g u e t h at t h e e v a p or a -
ti o n c o effi ci e nt c a n r eli a bl y b e a p pli e d t o t h e br o a d er
w at ers h e d f or a f e w r e as o ns. First, t h e si m pl e r a di ati o n ‐b as e d
e v a p or ati o n  m o d el us e d i n t his st u d y h as b e e n s h o w n t o b e
r o b ust a cr oss a  wi d e r a n g e of cli m ati c s etti n gs ( X u a n d
Si n g h, 2 0 0 0). S e c o n d, gi v e n t h e t e m p er at ur e s e as o n alit y at t h e
w e at h er st ati o ns, t h e e v a p or ati o n e q u ati o ns ar e c ali br at e d o n
m o nt hl y  m e a n t e m p er at ur es t h at s p a n r o u g hl y ‐4. 5 t o 2 6 °C,
e n c o m p assi n g t h e f ull a b o v e ‐fr e e zi n g t e m p er at ur e r a n g e of t h e
st u d y ar e a. Fi n all y, t h e v ast  m aj orit y of t h e  B o n n e vill e b asi n is
s p ars el y v e g et at e d, c o n diti o ns u n d er  w hi c h p a n e v a p or ati o n
s h o ul d b e a g o o d pr e di ct or of a ct u al e v a p or ati o n.

M o d el i m pl e m e nt ati o n

T h e  m ai n i n p uts t o o ur l u m p e d h y dr ol o gi c  m o d el ar e f o ur
r ast er d at as ets r e pr es e nti n g: 1)  m o d er n  m o nt hl y pr e ci pit ati o n;
2) t e m p er at ur e; 3) r a di ati o n; a n d 4) a c o d e d r ast er d eli n e ati n g
l a k e or  w at ers h e d pi x els. T e m p er at ur e a n d pr e ci pit ati o n
i n p uts ar e t a k e n fr o m 3 0‐y e ar n or m al ( 1 9 8 1 – 2 0 1 0) d at as ets
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Fi g ur e 2. S c h e m ati c di a gr a m s h o wi n g t h e pr o c ess us e d t o d et er mi n e
t h e o pti m al e v a p or ati o n c o effi ci e nt (K ). St ati o n d at a fr o m fi v e st ati o ns
w er e f e d i nt o t hr e e diff er e nt  m o nt hl y e v a p or ati o n  m o d els a n d a b est ‐fit
v al u e f or K w as d et er mi n e d f or e a c h of t h e 1 5 c o m bi n ati o ns b y
mi ni misi n g t h e  m o nt hl y S S R. T h e  m e a n S S R a n d K v al u es  w er e t h e n
c o m p ut e d f or e a c h  m o d el,  wit h t h e  C o n d o m  m o d el pr o vi di n g t h e b est
o v er all fit. [ C ol or fi g ur e c a n b e vi e w e d at  wil e y o nli n eli br ar y. c o m]
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pr o d u c e d b y t h e P RI S M gr o u p ( htt p:// w w w. pris m. or e g o nst at e.
e d u/ n or m als/) a n d s ol ar i ns ol ati o n d at a fr o m t h e Fi c k a n d
Hij m a ns ( 2 0 1 7)  W orl d Cli m 2 d at as et. T h e f or m er h as a s p ati al
r es ol uti o n of 8 0 0  m,  w hil e t h e l att er  w as d o w n‐s a m pl e d fr o m
1 0 0 0  m usi n g bili n e ar i nt er p ol ati o n t o  m at c h t h e n ati v e
r es ol uti o n of t h e P RI S M d at a.

T h e P RI S M a n d  W orl d Cli m 2 r ast er d at a ar e si mil ar t o
l o c ati o n‐s p e cifi c t e m p er at ur e ( W R C C) a n d r a di ati o n ( N S R D)
d at as ets us e d i n t h e c ali br ati o n of K at t h e fi v e citi es  w h er e
p ot e nti al e v a p or ati o n c ali br ati o ns  w er e  m a d e. F or e x a m pl e, at
S alt L a k e  Cit y, t h e a v er a g e P RI S M t e m p er at ur e f or t h e  m o nt hs
of J u n e, J ul y a n d  A u g ust is 2 3. 2 6 °C,  w hil e t h e st ati o n ‐s p e cifi c
m e a n t e m p er at ur e f or t his p eri o d is 2 3. 6 8 °C.  R ast er a n d
st ati o n ‐s p e cifi c i ns ol ati o n d at a ar e als o si mil ar, v ar yi n g b y
a p pr o xi m at el y 5 % a n n u all y f or S alt L a k e  Cit y. T h us,  w e d o n ot
c o nsi d er t h e us e of b ot h  m et e or ol o gi c al a n d r ast er d at a i n t his
st u d y t o b e a c a us e f or c o n c er n.

A n a d diti o n al  m o d el i n p ut c all e d ‘D T _l a k e ’ is us e d t o a dj ust
l a k e t e m p er at ur e f or t h e offs et b et w e e n air a n d  w at er
t e m p er at ur e, t h us all o wi n g l a k e e v a p or ati o n t o o c c ur at a
w at er t e m p er at ur e c ol d er or  w ar m er t h a n t h e air.  D T _l a k e is
c o m p ut e d  m o nt hl y usi n g o bs er v e d diff er e n c es b et w e e n t h e air
a n d  Gr e at S alt L a k e s urf a c e t e m p er at ur es fr o m 1 9 9 4 t o 2 0 0 6
fr o m  B el o vs k y et al . ( 2 0 1 1).

A n ot h er c o nsi d er ati o n is t h at d uri n g  B o n n e vill e's hi g h est
l e v els c a . 1 8. 4 k a, s u m m er (J u n e, J ul y,  A u g ust) t o p‐of ‐
at m os p h er e i ns ol ati o n  w as r e d u c e d b y 5 % fr o m  m o d er n,
w h er e as  wi nt er ( D e c e m b er, J a n u ar y, F e br u ar y)  w as i n cr e as e d
b y 5 % ( L as k ar et al . 2 0 0 4). Li k e wis e f or t h e Pr o v o l e v el at c a .
1 4. 8 k a, s u m m er p al a e o ‐i ns ol ati o n is r e d u c e d b y 2. 5 % fr o m
m o d er n  w hil e  wi nt er p al a e o ‐i ns ol ati o n is i n cr e as e d b y 2. 5 %.
H o w e v er, it is li k el y t h at t h e  m o nt hs i n  w hi c h ‘s u m m er ’
o c c urr e d  w o ul d h a v e s hift e d t o  m at c h t h e  m o nt hs t h at  w er e
r e c ei vi n g  m a xi m u m i ns ol ati o n at c a . 1 8. 4 a n d 1 4. 8 k a,
r es p e cti v el y. I n ot h er  w or ds, ‘s u m m er ’ a n d ‘wi nt er ’ w o ul d
h a v e t a k e n pl a c e d uri n g diff er e nt s e g m e nts of E art h's or bit al
elli ps e t h a n t h e y d o t o d a y. If t h e s e as o ns p erf e ctl y f oll o w e d
s hifti n g i ns ol ati o n, t h er e  w o ul d b e n o n e e d t o a dj ust i ns ol ati o n
i n t h e  B o n n e vill e or Pr o v o  m o d el si m ul ati o ns.  O n t h e ot h er
h a n d, if t h e s e as o ns di d n ot s hift at all i n r es p o ns e t o i ns ol ati o n,
it  w o ul d b e  w arr a nt e d t o a p pl y t h e r el e v a nt i n cr e as e or
r e d u cti o n i n i ns ol ati o n t o t h e  B o n n e vill e a n d Pr o v o si m ul a-
ti o ns. I n o ur pr ef err e d si m ul ati o n  w e h a v e c h os e n n ot t o a dj ust
t h e p al a e o‐i ns ol ati o n, i nst e a d usi n g  m o d er n i ns ol ati o n v al u es
a n d a p pl yi n g a 1 0 % ( 2 σ ) u n c ert ai nt y t o t h e m.

T h e  C o n d o m et al . ( 2 0 0 4)  m o d el u s e d i n t hi s st u d y i s a
l u m p e d e q uili bri u m  m o d el t h at d o e s n ot tr a c k c h a n g e s i n
l a k e si z e o v er ti m e, b ut i n st e a d s e e k s t o i d e ntif y t h e cli m ati c
c o n diti o n s t h at all o w pr e ci pit ati o n i n p ut s t o  m at c h e v a -
p or ati v e o ut p ut s a s s u mi n g a s p e cifi c l a k e e xt e nt ( Fi g. 3).
Alt h o u g h t h e  m o d el s u m s  w at er i n p ut s a n d l o s s e s fr o m
pi x el s a cr o s s t h e 2 D  w at er s h e d, t h e h y dr ol o gi c b al a n c e i s
e s s e nti all y a 1 D c al c ul ati o n i n  w hi c h t ot al pr e ci pit ati o n
i n p ut s ar e b al a n c e d a g ai n st t ot al e v a p or ati v e l o s s e s. I n
a d diti o n t o pr e ci pit ati o n a n d t e m p er at ur e, t h e  m aj or h y dr o -
l o gi c v ari a bl e i n t h e  m o d el i s s oil  w at er c a p a cit y ( C a p a S),
w hi c h i s fir st c ali br at e d f or a  m o d er n l a k e  w at er s h e d u si n g
m o d er n P a n d T v al u e s ( st a g e 1), a n d t h e n u s e d a s a ‘k n o w n ’
i n p ut t o c o n str ai n p a st P‐T c o m bi n ati o n s r e q uir e d t o s u st ai n
a p al a e ol a k e i n t h e s a m e  w at er s h e d ( st a g e 2). I n t hi s st u d y
t h e  Gr e at S alt L a k e r e pr e s e nt s t h e  m o d er n l a k e ( st a g e 1),
w h er e a s L a k e  B o n n e vill e at t h e  B o n n e vill e a n d Pr o v o
s h or eli n e s r e pr e s e nt t h e t w o p al a e ol a k e s t h at  w er e  m o d ell e d
( st a g e 2).

I n p h ysi c al t er ms,  C a p a S c a n b e t h o u g ht of as t h e  m a xi m u m
a m o u nt of  w at er (i n  m m) c a p a bl e of b ei n g r et ai n e d i n t h e b asi n
s oil at a n y gi v e n ti m e,  wit h a n y e x c ess r u n ni n g off i nt o t h e

l a k e. T h us, t h e first st a g e of a n y  m o d el r u n is a n it er ati v e
s e ar c h f or t h e v al u e of  C a p a S t h at a c hi e v es a h y dr ol o gi c
b al a n c e f or t h e  m o d er n  Gr e at S alt L a k e ( 1 2 8 1  m asl – hist ori c
a v er a g e s urf a c e el e v ati o n fr o m 1 8 4 7 t o 1 9 8 6). I n e a c h it er ati v e
c y cl e t h e h y dr ol o gi c pr e ci pit ati o n, e v a p or ati o n a n d r u n off
ar e c o m p ut e d f or e a c h pi x el o v er 1 2 0 s e q u e nti al  m o nt hl y ti m e
st e ps ( 1 0 y e ars), e n o u g h t o all o w  m o d el s pi n ‐u p a n d g u ar a nt e e
m o d el st a bilit y u n d er v ari o us c o n diti o ns ( Fi g. 3).  R u n off fr o m
l a n d s urf a c e pi x els is d et er mi n e d b y tr a c ki n g t h e  w at er d e pt h
i n e a c h pi x el (H ws ).  D uri n g e a c h ti m e st e p, pr e ci pit ati o n is first
a d d e d t o t h e pi x el. If t h e  m e a n  m o nt hl y t e m p er at ur e is b el o w
fr e e zi n g n o e v a p or ati o n o c c urs a n d H ws i s i n cr e as e d a c c or d-
i n gl y. If t h e t e m p er at ur e is a b o v e fr e e zi n g a n d if t h e s oil is n ot
o v erfl o wi n g (r es ult a nt H ws < C a p a S) t h e n e v a p otr a ns pir ati o n
(E T ws ) is esti m at e d as:

= (  /  ) × ( − ( /  ) )

×

+

+

E T  H H

E P

ws  ws  C a p a S 2  ws  C a p a S

.

n 1  n n

n 1 ( 6)

If t h e s oil is o v erfl o wi n g aft er a d di n g pr e ci pit ati o n (H ws > C a p a S)
t h e n t h e q u esti o n aris es as t o h o w  m u c h of t h e e x c ess t o  m a k e
a v ail a bl e f or e v a p or ati o n v ers us h o w  m u c h t o r u n off.  W e d e al
wit h t his b y i n v o ki n g a v ari a bl e t er m e d t h e e v a p or ati o n
fr a cti o n ( efr a ct)  w hi c h s p e cifi es  w h at fr a cti o n of a  m o nt h's
p ot e nti al e v a p or ati o n s h o ul d b e r e m o v e d pri or t o r u n off  wit h
t h e r e m ai ni n g e v a p or ati o n o c c urri n g aft er r u n off h as l o w er e d
H ws t o e q u al  C a p a S. F or st e ps i n  w hi c h s oil  w at er (H ws )
e x c e e ds  C a p a S b y  m or e t h a n p ot e nti al e v a p or ati o n ( E P ), r u n off
a n d  w at er l e v el ar e t h e n c o m p ut e d as:

= ( − ) − ( ×  )f H E Pru n of  ws  C a p a S efr a ctn n  n ( 7)

= − −( + )H H  f E Pws  ws r u n ofn 1  n  n n ( 8)

F or e x a m pl e, if t h e  m o nt hl y pr e ci pit ati o n i n p ut c a us es H ws

t o i niti all y e x c e e d  C a p a S b y 1 0  m m, a n d  m o nt hl y p ot e nti al
e v a p or ati o n ( E P ) is 4  m m, t h e n a n efr a ct v al u e of 0. 5  w o ul d
all o w 2  m m t o b e e v a p or at e d pri or t o r u n off, all o w t h e
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Fi g ur e 3. S c h e m ati c di a gr a m s h o wi n g h o w t h e h y dr ol o gi c b al a n c e
m o d el  w or ks. St a g e 1 us es t h e e xt e nt of t h e  m o d er n  Gr e at S alt L a k e
a n d  m o d er n pr e ci pit ati o n, t e m p er at ur e a n d r a di ati o n d at a t o c ali br at e
s oil  w at er c a p a cit y ( C a p a S). St a g e 2 us es t h e r es ult a nt  C a p a S v al u e as
a n i n p ut t o d et er mi n e t h e v ari o us v al u es of P a n d T r e q uir e d t o b al a n c e
i n c o mi n g pr e ci pit ati o n a g ai nst o ut g oi n g e v a p or ati o n f or t h e k n o w n
e xt e nts of L a k e  B o n n e vill e at t h e  B o n n e vill e a n d Pr o v o st a g es. [ C ol or
fi g ur e c a n b e vi e w e d at  wil e y o nli n eli br ar y. c o m]
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remaining 8mm to runoff, and then apply another 2mm of
evaporation after runoff, leaving Hws 2mm below CapaS.
After a single iteration (120 monthly time steps), the model

aggregates total runoff and evaporation across all pixels and
equates them with cumulative precipitation to assess whether
a positive or negative hydrologic balance has been achieved.
MATLAB's fzero function is then used to iteratively solve for a
CapaS value that yields a net hydrologic budget of zero, such
that total runoff and evaporative losses are equal.
In the second stage, the model is run using the CapaS value

determined in stage 1 as an input, this time performing an
iterative search for a precipitation multiplier (XP) or tempera-
ture offset (ΔT) from modern conditions that would achieve a
hydrologic balance for the palaeolake. The key difference is
that the first stage of the modelling uses the geographic extent
and watershed of the modern Great Salt Lake, whereas the
second stage uses the larger extent of Lake Bonneville at the
Bonneville or Provo levels and their associated watersheds,
which were larger than the Great Salt Lake watershed. The lake
area for the Bonneville level and Provo level, as well as the
surface area of the Bonneville basin, are calculated from data
from Oviatt (2015). To explore the range of possible P‐T
conditions that could have sustained Lake Bonneville, the
palaeolake modelling step (e.g. stage 2) is repeated with a
different temperature offset ranging from 2 to 12°C colder than
modern. This offset is a constant added or subtracted to all
modern monthly temperature values at every cell. Thus, the
model assumes that past temperature lapse rates and seasonal
patterns are the same as those observed in modern times.
Using modern CapaS, DT_lake and insolation values for the

palaeolake simulation assumes that hydrologic and climatic
conditions in the past were similar to those of today. To
evaluate the model's sensitivity to this assumption we use
1000 Monte Carlo simulations to constrain uncertainties
induced by our choice of other model parameters. Input
values are drawn from a 100% (2σ) uncertainty in CapaS,
DT_lake and efract, as well as a 10% (2σ) uncertainty in
the evaporation coefficient K and insolation. Uncertainty
in CapaS (soil water capacity) accounts for potential changes
in vegetation and evaporative hydrology between palaeo
and modern conditions. We consider 100% uncertainty to
be a conservative estimate given that pollen records from
the northeastern Great Basin indicate similar vegetation
patterns at present and during the late Pleistocene glaciation
(Thompson, 1992), providing support for the assumption that
soil water capacity did not vary significantly from ~20 ka to
present. Moreover, LGM records suggest that the northern
Bonneville basin was dominated by sagebrush steppe with
some high‐elevation pine and spruce, indicating dry condi-
tions similar to modern (Madsen et al., 2001). Likewise,
uncertainty in DT_Lake recognises that a deeper palaeolake
may have had a different relationship with air temperature.
Finally, it is worth recognising that applying a single

precipitation scale factor for all pixels changes the precipita-
tion versus elevation gradient. However, this effect is relatively
minor for two reasons. First, ~87% of annual precipitation falls
within the lowest 1300m elevation range (~1200–2500m),
reducing the impact of the largest precipitation changes across
the highest elevations (~2500–3700m) (Fig. S1). Second, the
model results discussed below suggest that Lake Bonneville
was likely sustained by a palaeo‐precipitation increase of less
than 1.25, which yields an average annual precipitation
gradient of ~0.52 relative to the current lapse rate of ~0.39,
in units of metres of annual precipitation per kilometre of
elevation (Fig. S1). Although this is 35% steeper, it is still far
less than the seasonal changes in precipitation gradient of 200
to 400% observed in the Wasatch Mountains between summer

and winter months (Laabs et al., 2006). To confirm a minimal
impact on model results we ran an additional version of the
model that uses an absolute precipitation offset for all pixels
rather than a multiplier. This acts to maintain the slope of the
modern precipitation‐elevation gradient. Fig. S2 shows that the
two models give virtually indistinguishable results.

Results
Evaporation models were trialled and selected based on their
ability to reconstruct measured pan evaporation. The Abtew
(1996) model is generally inaccurate at every site, likely due to
its exclusion of temperature as an input. The Turc (1961)
model is most accurate for Delta and Ogden, while the
Condom et al. (2004) model performs best at Salt Lake, Provo
and Logan, and also has the lowest mean SSR across all five
locations (Fig. 4). During the summer months when the
majority of evaporation occurs (May, June, July, August,
September), the Condom model predicts evaporation in Salt
Lake City with only 2.2% error. Due to its ability to accurately
reproduce modern evaporation and its ease of use, the
Condom evaporation model was selected for this study using
a mean K value of 0.039 averaged across the five stations.
The first cycle of model simulations was undertaken to

constrain P‐T conditions during the time interval of the
‘Bonneville level’ when Lake Bonneville is thought to have
occupied its highest shoreline elevation with no (or minimal)
overflow in the millennia leading up to the Bonneville flood at
~18.2 ka (Lifton et al., 2015; Oviatt and Jewell, 2016). The model
yields a CapaS value of 52.3mm with precipitation factors of
roughly 1.75 and 0.94 at 2°C and 12°C temperature depressions,
respectively (Fig. 5). A 10°C temperature depression generates a
roughly 40% reduction in evaporation. A second model
simulation constrains P‐T conditions during the time interval of
‘Provo abandonment’, when Lake Bonneville stopped over-
flowing from the Provo level at ~14.8 ka (Godsey et al., 2011;
Oviatt, 2015). Results yield precipitation factors from 1.58 to 0.9
at 2°C and 12°C temperature depressions, respectively (Fig. 5).
Because Lake Bonneville was overflowing during most of the
Provo period and our model does not account for overflow, we
interpret these ‘Provo’ results to reflect palaeoclimate conditions
at ca. 14.8 ka as Lake Bonneville stopped overflowing and
reverted to hydrologically closed conditions below the Provo
shoreline (Godsey et al., 2011; Oviatt, 2015).
Fig. 5 shows that uncertainty on the model variables K,

CapaS, efract and DT_lake induce a significant spread in the
modelled P‐T solutions. A regression of these variable input
values versus resultant precipitation factors for all Monte Carlo
trials shows that the evaporation coefficient K has the strongest
predictive power or ‘weight’ in the model (Fig. S3). This is not
surprising given that K linearly modulates potential evapora-
tion at all temperatures, such that lower values of K reduce
modelled evaporation and require less precipitation to achieve
a balance. A weaker predictive relationship is observed for
CapaS and efract. We have also completed a suite of Monte
Carlo simulations which demonstrate that using the full
insolation corrections for the Provo and Bonneville intervals
(2.5% or 5%, respectively) results in roughly 1% higher
palaeo‐precipitation estimates for Provo and roughly 2% for
Bonneville (Fig. S4).

Discussion
As with water‐balance modelling, glacier energy‐balance
modelling can be employed to reconstruct a range of
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palaeo‐temperature and palaeo‐precipitation values cap-
able of sustaining palaeo‐glaciers. Because glaciers are
more sensitive to ablation‐season (summer) temperature
than lakes (Quirk et al., 2020), glacier energy‐balance
models produce a set of P‐T solutions exhibiting a steeper
relationship than observed for lake water‐balance model-
ling. If proximal lakes and glaciers reached known extents

at the same time, the intersection of the two sets of P‐T
solutions can be used to more tightly constrain the range of
possible P‐T conditions in a region (e.g. Barth et al., 2016;
Ibarra et al., 2018; Martin et al., 2018; Plummer, 2002;
Placzek, et al., 2013; Quirk et al., 2020).
One caveat to this method is that the mean glacier elevation

is higher than the mean watershed elevation, such that the

© 2021 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 37(3) 478–488 (2022)

Figure 4. Comparison of Condom et al. (2004), Abtew (1996) and Turc (1961) evaporation model estimates with observed pan evaporation data for
meteorological stations at Ogden, Delta, Salt Lake City, Logan and Provo, Utah. The minimised SSR value and optimised K value for each station and
model are also shown. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. Model results showing the family of P‐T solutions (n= 1000) required to achieve hydrologic balance for Lake Bonneville at the Bonneville
and Provo stages (blue to red lines). Each dark blue pixel (or line) represents a single output from the Monte Carlo simulation, grading to red pixels
that represent many overlapping solutions. The vertical grey bands depict modelled P‐T solutions for Wasatch glacial stadials (Quirk et al., 2020),
with darkest grey representing the peak Gaussian uncertainty fading to transparent at the 2σ uncertainty limit. Coloured circles represent the
estimated range of P‐T conditions permitted within 2σ uncertainty on both the glacial and lake reconstructions during three specific time intervals
discussed in the text. [Color figure can be viewed at wileyonlinelibrary.com]
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reconstructions are based on data from different elevations.
We make no correction for this issue for a few reasons. First,
because both glacial and watershed temperature changes are
expressed as an offset, they are directly comparable so long as
temperature lapse rate remains constant. Second, precipitation
is estimated as a multiplier in both cases, which our model
assumes to be constant with elevation. Finally, the mean
elevation of the Lake Bonneville watershed was roughly 1860
m (assuming a mean lake elevation of 1570m), only 640m
lower than the equilibrium line altitude of Wasatch glaciers at
roughly 2500m (Laabs et al., 2011).
Comparison of our results with those from a glacier‐based

climate reconstruction for the Wasatch Mountains (Quirk
et al., 2020) provides tighter constraints on palaeoclimate
conditions during the ‘Bonneville level’ and ‘Provo abandon-
ment’ intervals described above (Fig. 5). The modelled glaciers
were located in several catchments across the Wasatch Range
(Little Cottonwood, Big Cottonwood, Bells and Dry Creek
Canyons) (Fig. 1), where three sets of moraines were built in
close proximity (<5 km) to the Bonneville shoreline, defining
prominent glacial stadia (Laabs et al., 2011; Madsen and
Currey, 1979; Quirk et al., 2018; 2020). Quirk et al. (2020)
employed cosmogenic 10Be surface‐exposure dating to date
the abandonment of these moraines to between 21 and
20 ka (hereafter referred to as LGM), 17.5 ka (hereafter referred
to as Late Glacial 1) and 15 ka (hereafter referred to as Late
Glacial 2). Coupled energy mass‐balance and ice‐flow models
(also using PRISM data as climate inputs) were used to
constrain palaeoclimate conditions when each of these
moraines was built (Plummer and Phillips, 2003).
To combine the glacial and lake modelling results we

consider three time intervals when known lake and mountain
glacier extents were most likely to overlap based on the
available chronology. These include: 1) the LGM interval
defined by LGM glacial maxima (~21–20 ka), when Bonneville
was still rising to its overflow point; 2) the Bonneville level
interval when Lake Bonneville's highest surface elevation
(~18.2 ka) occurred roughly coeval with the Late Glacial 1
maxima described above (~17.5 ka), and 3) the Provo
abandonment interval when Provo shoreline abandonment
(~14.8 ka) was roughly coeval with the Late Glacial 2 maxima
described above (~15 ka). Although climatic conditions during
each interval could be satisfied by any solution along one of
the four P‐T lines in Fig. 5, the range of possible P‐T conditions
can be narrowed by recognising that specific P‐T conditions
must fall roughly at the intersection between two lines which
represent synchronous glacial maxima and lake levels, or
between two lines if it is known that the lake or glaciers
occupied some intermediate extent at that time. The coloured
ovals in Fig. 5 show our best estimate of P‐T conditions during
each interval by capturing the overlapping 2σ uncertainty on
both the glacial and lake reconstructions.
For example, at the first LGM interval (21–20 ka) it can be

assumed that conditions fell along the LGM glacier solutions
between the Bonneville level and Provo lake solutions because
the size of Lake Bonneville was larger than Provo but had not yet
reached the overflow point (Oviatt, 2015). As illustrated by
the red oval in Fig. 5, this position centres on a temperature
depression of roughly ‐9°C and a 7% increase in precipitation
relative to modern. Conditions during the second Bonneville level
interval (~18.2–17.5 ka), must have fallen near the intersection of
the Bonneville level solutions and the LGM/Late Glacial 1
solutions, given that these two events are taken to be synchronous
(Quirk et al., 2020). The green oval in Fig. 5 delineates the
interval, suggesting a temperature depression of roughly ‐9°C and
16% higher precipitation. Finally, for the Provo abandonment
interval (~15–14.8 ka), we expect P‐T conditions to fall at the

intersection of the Provo and Late Glacial 2 lines (Godsey
et al., 2011; Quirk et al., 2020). The purple oval in Fig. 5 thus
suggests a roughly ‐7°C temperature depression and a roughly
21% precipitation increase at this time.
A major finding of this work is that Lake Bonneville's level at

the LGM only required a roughly 7% increase in precipitation,
suggesting lake expansion was primarily driven by colder
temperatures that suppressed evaporation. We thus propose
that the Bonneville transgression and broadly synchronous
LGM highstands in lakes Franklin, Clover and Surprise, located
farther west in the Great Basin, occurred as the region passed
through a climatic optimum in which the return of relatively
modest wetness combined with still heavily depressed
temperatures to create a positive hydrologic budget (Ibarra
et al., 2014; Munroe and Laabs, 2013b). This idea agrees well
with the results of Ibarra et al. (2014), who concluded that the
late‐LGM transgression (~22–19 ka) of Lake Surprise was
driven by only a 10% increase in palaeo‐precipitation and a
~36% reduction in evaporation rate in northeasternmost
California. It also agrees well with conclusions independently
reached by Quirk et al. (2020) and with TraCE‐21 ka climate
simulation results showing dry conditions during the LGM
(He, 2011; Ivanovic et al., 2016; Liu et al., 2009). Individual
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Figure 6. Adapted from Ibarra et al. (2014) and Clark et al. (2009). (A)
Insolation data from Laskar et al. (2004). (B) Temperature depressions
(℃) and (C) precipitation factors (with respect to modern) that
sustained hydrologic balance for Lake Bonneville (this study),
G= LGM, B= Bonneville level, P= Provo abandonment. (D)
Atmospheric CO2 from the Dome C ice core (purple circles) from
Ahn et al. (2004) and Byrd ice core (blue circles) from Ahn et al.
(2008). (E) Lake Bonneville hydrograph from Oviatt (2015). [Color
figure can be viewed at wileyonlinelibrary.com]
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climate models from the Paleoclimate Model Intercomparison
Project 3, which show best agreement with the proxy record at
21 ka, also show minimal increases in precipitation compared
with modern times (Ibarra et al., 2019; Oster et al., 2015).
The role of colder temperatures in driving pluvial lake

transgression during the LGM interval (~21–20 ka) is also
supported by a maximum in winter insolation and minimum
summer insolation at 40° north from ~22 to 18.5 ka (Laskar
et al., 2004), along with decreased CO2 levels (Shakun
et al., 2012). Fig. 6 demonstrates the synchronicity of Lake
Bonneville's LGM transgression and highest lake level with
decreased CO2 levels, decreased summer insolation, and
cooler and drier conditions in the Bonneville basin, support-
ing the idea that increased precipitation was not fundamental
in driving lakes to highstands at this time. A focus on the
importance of temperature instead of precipitation as a
driving factor in LGM highstands contrasts with some
traditional precipitation‐focused explanations for pluvial lake
transgressions (Antevs 1948; Benson and Thompson, 1987;
Hostetler and Benson 1990; Bartlein et al., 1998), including
the idea of multiple north–south oscillations of the Pacific Jet
Stream (Munroe and Laabs, 2013b), and an ‘out of the tropics’
model in which moisture is sourced from the south (Lyle
et al., 2012).

Further support for cool conditions in the Bonneville basin at
this time comes from proxies such as amino‐acid palaeother-
mometry performed on ostracode shells from Lake Bonneville,
indicating that temperatures were 8.3 ± 3°C colder during the
LGM than modern (Kaufman, 2003). Palaeovegetation records
developed largely from packrat middens in the Lake Bonne-
ville basin also indicate significant cooling during the interval
when the lake expanded and while it overflowed (Rhode, 2016
and references therein).
Precipitation seems to have increased to roughly 16% above

modern by the time of the Bonneville level (ca. 18.2–17.5 ka)
and to roughly 21% by the time of Provo abandonment (ca.
15–14.8 ka). This suggests that wetter conditions may have
prevailed throughout much of the Heinrich I (H1) event from
~17.2 to 15 ka, when many lakes reached their ultimate

highstands of the last pluvial cycle, including: Lake Clover at
~17 ka (Munroe et al., 2020), Jakes Lake at ~16.8 ka (Barth
et al., 2016) and Lake Franklin at ~16.5 ka (Munroe and
Laabs, 2013a), followed by the more western Lake Lahontan at
~15.8 ka (Matsubara and Howard, 2009) and northwestern
Lake Surprise at ~15.2 ka (Ibarra et al., 2014) (Fig. 7). Ibarra
et al. (2014) provide support for increased precipitation,
estimating that a roughly 70% increase in precipitation from
modern was required to grow Lake Surprise to its highstand at
ca. 15.2 ka. Likewise, in the southern Great Basin, the Pinnacle
Cave record shows cold conditions centred at 18.6 ka,
followed by rapid warming and wetting associated with H1
(Lachniet et al., 2011). Increased precipitation during H1 has
been attributed to a southward shift in the thermal equator and
a strengthened, equatorward‐shifted westerly storm track
during H1 (Broecker and Putnam, 2013; Hudson et al., 2019),
driven by teleconnections with the cooling North
Atlantic (McManus et al., 2004; Bard et al., 2000; Okumura
et al., 2009).
Although the above results suggest relatively wet condi-

tions until about 15 ka, many records from the southwestern
United States suggest a transition from wetter to drier
conditions beginning between about 15.5 and 14.5 ka,
roughly coincident with the end of the H1 period (Asmerom
et al., 2010; Polyak et al., 2012; Wagner et al., 2010). In
Arizona, oxygen isotope data from the Cave of the Bells
indicate a deglacial transition and increased aridity beginning
around 15.3 ka, attributed to a northward shift of the thermal
equator, a poleward‐shifted storm track and weakening of the
Aleutian Low (Broecker and Putnam, 2013; Hudson
et al., 2019; Wagner et al., 2010). If correct, a northward‐
shifted storm track could have contributed to enhanced
wetness at Lake Bonneville, Lake Surprise (Ibarra et al., 2014)
and Lake Chewaucan (Hudson et al., 2019) until ca. 15 ka,
while Arizona became increasingly arid. In New Mexico,
stable isotope records from Fort Stanton Cave speleothems
suggest a wetter H1, followed by rapid drying beginning
around 14.5 ka (Asmerom et al., 2010; Polyak et al., 2012). At
Pinnacle Cave, speleothem growth halted at ca. 15.6 ka,
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Figure 7. Precipitation factors and temperature depressions (in °C) required to sustain pluvial lake relative highstands during the late‐Last Glacial
Maximum (LGM) and Heinrich Stadial 1 (H1). Lake Bonneville data are from this study. Lake Lahontan data from Matsubara and Howard (2009),
Lake Surprise from Ibarra et al. (2014), Jakes Lake from Barth et al. (2016) and Quirk et al. (2018) and ages from García and Stokes (2006), Lake
Clover and Lake Franklin data from Dahle (2021).
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possibly due to decreased precipitation related to the
poleward‐shifted storm track during the onset of the
Bølling–Allerød (Lachniet et al., 2011). Charcoal data from
Marlon et al., (2009) suggest that this drying was widespread
across the entire southwestern United States after H1,
including the Bonneville basin. Finally, regression of Lakes
Lahontan (Benson et al., 1995; Adams et al., 2008), Franklin
(Munroe and Laabs, 2013a), Clover (Munroe et al., 2020) and
Surprise (Ibarra et al., 2014) and Bonneville itself after ~15 ka
provide further support for a return to drier conditions
following H1 in the southern Great Basin, while the north-
western United States experienced peak wet conditions
during this period (Hudson et al., 2019).

Drying in the southern Great Basin synchronous with wetting
in the greater Pacific Northwest after H1 has been tied to
modern precipitation dynamics and future projections of water
availability (e.g. Broecker and Putnam, 2013). Hudson et al.
(2019) note numerous pollen and diatom assemblages from
Oregon that evidence a wetter Bølling–Allerød (14.6–12.8 ka)
relative to H1, providing support for a north–south precipitation
dipole pattern controlled by the relative strength and position of
the winter storm track during the deglacial period. Modern
winter hydroclimate in the western United States has been
shown to follow a similar pattern on interannual to decadal
timescales, with wet winters in the southwest corresponding to
dry winters in the northwest, and vice versa (e.g. Hudson
et al., 2019; Lins, 1997; Redmond, 1991). Northern Hemi-
sphere warming and sea ice loss associated with anthropogenic
climate change is expected to shift the thermal equator
northward (Broecker and Putnam, 2013), leading to a strength-
ened dry‐SW/wet‐NWmean state and drier conditions through-
out the Great Basin with future warming.

Conclusions
This study uses the hydrologic balance model of Condom et al.
(2004) to evaluate the range of precipitation and temperature
conditions required to sustain Lake Bonneville at the moment it
began to overflow from its highest shoreline (ca. 18.2 ka) and
again at the moment it dropped below its overflow threshold
at the Provo shoreline (ca. 14.8 ka). Intersecting these P‐T
solution curves with steeper P‐T curves derived from modelling
glacial maxima in the nearby Wasatch Mountains more tightly
constrains P‐T conditions for three time intervals. Results
suggest that the region was cold and dry during the LGM, after
which precipitation increased gradually until roughly 15 ka.
Specifically, during the LGM interval (~21–20 ka) Lake Bonne-
ville was able to approach its highest water level under
conditions roughly 9.5°C colder but only 7% wetter than today.
We thus propose that LGM highstands in regional lakes such as
Franklin, Clover, Surprise and Bonneville were not caused
by large increases in precipitation, but rather by a climatic
optimum in which moderate wetness coupled with greatly
depressed temperatures to create positive hydrologic budgets.
The Bonneville level itself (~18.2–17.5 ka) resulted from roughly
16% higher precipitation and temperatures roughly 9°C lower
than today. This result is consistent with the many regional
lake highstands that occurred from ca. 17 to 15 ka, which
collectively signal increasingly wet conditions. Our modelling
of the Provo abandonment interval (ca. 15–14.8 ka) suggests
that the shrinking of Lake Bonneville below the Provo level was
driven primarily by roughly 2°C of warming relative to the
Bonneville level, which offset increasingly wet conditions with
precipitation roughly 21% higher than modern. Increasing
aridity led to a rapid decline from the Provo level after 15 ka.
The hydrologic balance‐model results from this study reveal

that cold conditions drove dramatic hydroclimate shifts
during the LGM, demonstrating the role of temperature
fluctuations in controlling water availability across the Great
Basin and southwestern United States.
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Figure S1. A) Cumulative precipitation as a function of

elevation. Notice that relatively little total precipitation
comes from the higher elevations given their comparatively
small area. Precipitation data source: PRISM Group.
B) Modern precipitation–elevation gradient in the Lake
Bonneville basin. C) Temperature as a function of cumula-
tive area. Notice that most of the study area has a mean
annual temperature less than 6°C. Temperature data source:
PRISM Group. D) Modern temperature lapse rate in the Lake
Bonneville basin.
Figure S2. Comparison of Monte Carlo results demonstrating

that similar results are obtained when the model solves for
palaeo‐precipitation as a multiple of modern (first column) as
when it solves for palaeo‐precipitation as an absolute offset
from modern (middle and right hand columns). The absolute
offset approach applies the same increase or decrease to
all pixels for all months, thereby preserving the modern
elevation–precipitation gradient.
Figure S3. Correlations between various input variables (K,

CapaS, efract and DT Lake) and the mean precipitation
multiplier. Each dot represents an individual Monte Carlo
simulation for which random unique input values were
chosen. The evaporation coefficient K has the largest impact
on palaeo‐precipitation followed by CapaS and efract.

Figure S4. Comparison of Monte Carlo results demonstrating
that similar results are obtained for models simulated using
modern insolation values instead of insolation values adjusted
according to the predictions of Laskar et al., 2004.
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