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A b str a ct. I c e gr o wt h fr o m v a p or d e p ositi o n is a n i m p ort a nt pr o c ess f or t h e e v ol uti o n of cirr us cl o u ds, b ut t h e
p h ysi cs of d e p ositi o n al i c e gr o wt h at t h e l o w t e m p er at ur es ( < 2 3 5 K) c h ar a ct eristi c of t h e u p p er tr o p os p h er e a n d
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c o ef fi ci e nt α D , c o ntr ol i c e cr yst al h a bit a n d als o m a y li mit gr o wt h r at es i n c ert ai n c as es, b ut si g ni fi c a nt dis cr e p-
a n ci es b et w e e n e x p eri m e nt al m e as ur e m e nts h a v e n ot b e e n s atisf a ct oril y e x pl ai n e d. E x p eri m e nts o n si n gl e i c e
cr yst als h a v e pr e vi o usl y i n di c at e d t h e d e p ositi o n c o ef fi ci e nt is a f u n cti o n of t e m p er at ur e a n d s u p ers at ur ati o n,
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a n d cl o u d c h a m b er t o e v al u at e s urf a c e ki n eti c m o d els i n r e alisti c cirr us c o n diti o ns. T h es e e x p eri m e nts h a v e
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KI C E) m o d el ( Z h a n g a n d H arri n gt o n, 2 0 1 4) t o t h e AI D A c h a m b er e x p eri m e nts. We c o m p ar e t h e o bs er v e d i c e
w at er c o nt e nt a n d s at ur ati o n r ati os t o t h at d eri v e d u n d er v ar yi n g ass u m pti o ns f or i c e s urf a c e gr o wt h m e c h a nis ms
f or e x p eri m e nts si m ul ati n g i c e cl o u ds b et w e e n 1 8 0 a n d 2 3 5 K a n d pr ess ur es b et w e e n 1 5 0 a n d 3 0 0 h P a. We f o u n d
t h at b ot h h et er o g e n e o us a n d h o m o g e n e o us n u cl e ati o n e x p eri m e nts at hi g h er t e m p er at ur es (> 2 0 5 K) c o ul d g e n-
er all y b e m o d el e d c o nsist e ntl y wit h eit h er a c o nst a nt d e p ositi o n c o ef fi ci e nt or t h e Di S KI C E m o d el ass u mi n g
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h o m o g e n e o us n u cl e ati o n e x p eri m e nts.
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1 I ntr o d u cti o n

D e p ositi o n al i c e gr o wt h fr o m v a p or is a n i m p ort a nt mi cr o-
p h ysi c al pr o c ess f or cirr us cl o u d f or m ati o n. Cirr us cl o u ds
f or m i n t h e p ur e i c e r e gi m e (< 2 3 5 K), w h er e w at er i n t h e
v a p or p h as e c o n d e ns es o nt o i c e cr yst als i niti all y f or m e d ei-
t h er h et er o g e n e o usl y (r e q uiri n g a n a er os ol t o a ct as a n i c e
n u cl ei, I N) or h o m o g e n e o usl y ( d e p e n d e nt o n t h e w at er a c-
ti vit y of s u p er c o ol e d a q u e o us a er os ol dr o pl ets; K o o p et al.,
2 0 0 0). M o d els of cirr us cl o u d f or m ati o n h a v e d e m o nstr at e d
t h at t h e v al u e of t his d e p ositi o n c o ef fi ci e nt w o ul d i m p a ct t h e
n u m b er d e nsit y of i c e cr yst als f or m e d t hr o u g h h o m o g e n e o us
n u cl e ati o n ( Li n et al., 2 0 0 2; Gi er e ns et al., 2 0 0 3) a n d t h e
st e a d y-st at e s u p ers at ur ati o n wit hi n cl o u ds ( Z h a n g a n d H ar-
ri n gt o n, 2 0 1 5) a n d w o ul d als o h a v e i m p ort a nt i m pli c ati o ns
f or t h e r a di ati v e pr o p erti es of cirr us cl o u ds. I c e cr yst al c o m-
pl e xit y, as o bs er v e d f or s m all i c e cr yst als i n cirr us cl o u ds
d uri n g r e c e nt at m os p h eri c fi el d c a m p ai g ns, is esti m at e d t o
c o ntri b ut e − 1 .1 2 W m − 2 c o oli n g t o w ar ds t h e e art h’s r a di a-
ti v e b u d g et (J är vi n e n et al., 2 0 1 8). I n t his st u d y, i c e cr yst al
c o m pl e xit y r ef ers t o s urf a c e dist orti o ns t h at aff e ct si n gl e i c e
cr yst als i n t er ms of t h eir s urf a c e r o u g h n ess at diff er e nt s c al es,
p ol y cr yst alli nit y, a n d h oll o wi n g ( S c h n ait er et al., 2 0 1 6). T his
st u d y i n v esti g at e d t h e i m p a ct of i c e cr yst al c o m pl e xit y o n t h e
o pti c al pr o p erti es of i c e b ut di d n ot ass ess its i m p a ct o n d e p o-
siti o n al gr o wt h r at es, w hi c h w o ul d h a v e a d diti o n al i m pli c a-
ti o ns f or t h e p ersist e n c e a n d lif eti m e of cirr us cl o u ds, as w ell
as t h eir p ot e nti al t o d e h y dr at e air e nt eri n g t h e str at os p h er e
( R a n d el a n d J e ns e n, 2 0 1 3).

T h e h a bits a n d gr o wt h r at es of i c e cr yst als h a v e l o n g b e e n
k n o w n t o s e nsiti v el y d e p e n d o n t e m p er at ur e, pr ess ur e, a n d
s u p ers at ur ati o n, alt h o u g h t h e s urf a c e eff e cts c o ntr olli n g v a-
p or d e p ositi o n ar e c o m pl e x a n d c h all e n gi n g t o c h ar a ct eri z e
e x p eri m e nt all y. W hil e t h e f a c et e d gr o wt h of i c e at t e m p er a-
t ur es w ar m er t h a n 2 5 3 K h as b e e n e x pl ai n e d t hr o u g h t h e t e m-
p er at ur e d e p e n d e n c e of s urf a c e l e d g e f or m ati o n l e a di n g t o
t h e d o mi n a n c e of diff er e nt gr o wt h m e c h a nis ms ( Li b br e c ht,
2 0 0 5), t h e gr o wt h m e c h a nis ms t h at c o ntr ol v a p or att a c h m e nt
ki n eti cs at t e m p er at ur es l o w er t h a n 2 3 3 K h a v e n ot b e e n
dir e ctl y m e as ur e d a n d r e m ai n r el ati v el y u n k n o w n ( N els o n,
2 0 0 5).

I c e s urf a c e ki n eti c eff e cts i n cirr us cl o u ds h a v e oft e n b e e n
p ar a m et eri z e d i n m o d els as a c o nst a nt d e p ositi o n c o ef fi ci e nt
(α D ), i n d e p e n d e nt of s u p ers at ur ati o n, t e m p er at ur e, a n d f a c et.
T his p ar a m et eri z ati o n ass u m es t h at α D 1 f or v er y i n ef fi-
ci e nt gr o wt h a n d α D → 1 f or v er y ef fi ci e nt gr o wt h ( Li n et al.,
2 0 0 2; Gi er e ns et al., 2 0 0 3). H o w e v er t h e i n cr e asi n g c o m-
pl e xit y of i c e cr yst al h a bits as a f u n cti o n of si z e o bs er v e d
i n at m os p h eri c cirr us cl o u ds ( S c h mitt et al., 2 0 1 6; M a g e e
et al., 2 0 2 1) i n di c at es a c o nst a nt d e p ositi o n c o ef fi ci e nt c a n n ot
r e pr es e nt i c e s urf a c e pr o c ess es d uri n g all p h as es of a cr ys-
t al’s gr o wt h c y cl e. I n d e e d, t h e e v ol uti o n of cr yst al s h a p es r e-
q uir es d e p ositi o n c o ef fi ci e nts t h at ar e n ot u nit y ( e. g., L a m b
a n d S c ott, 1 9 7 4; Li b br e c ht, 2 0 0 3). R e c e nt pr o gr ess o n m o d-
eli n g s urf a c e ki n eti c pr o c ess es o n f a c et e d si n gl e- cr yst alli n e

i c e h as b e e n m a d e wit h t h e d e v el o p m e nt of t h e Diff usi o n S ur-
f a c e Ki n eti cs I c e Cr yst al E v ol uti o n ( Di S KI C E) m o d el, w hi c h
a p pr o xi m at es i c e wit h t w o s e mi- a x es t o m o d el cr yst al h a bits,
all o wi n g f or diff er e nt i c e as p e ct r ati os t o b e c o nsist e ntl y
m o d el e d d uri n g d e p ositi o n al i c e gr o wt h ( Z h a n g a n d H arri n g-
t o n, 2 0 1 4). T h e t h e or y c a n c a pt ur e t h e gr o wt h of cr yst als wit h
v ari o us as p e ct r ati os usi n g a s u p ers at ur ati o n-, t e m p er at ur e-,
a n d f a c et- d e p e n d e nt d e p ositi o n c o ef fi ci e nt ( H arri n gt o n et al.,
2 0 1 9), w hi c h m a y m a k e it a m e n a bl e t o m o d eli n g m or e c o m-
pl e x cr yst al f or ms ( P o krif k a et al., 2 0 2 0).

Vari o us t y p es of e x p eri m e nts h a v e b e e n us e d t o st u d y s ur-
f a c e eff e cts d uri n g d e p ositi o n al i c e gr o wt h. Si n gl e- cr yst al e x-
p eri m e nts at w ar m er t e m p er at ur es ( b et w e e n 2 3 3 a n d 2 7 3 K)
ar e oft e n p erf or m e d at l o w pr ess ur es t o li mit diff usi v e ef-
f e cts. S u c h st u di es h a v e i n di c at e d t h e d e p ositi o n c o ef fi ci e nt
is a c o m pli c at e d f u n cti o n t h at d e p e n ds o n t h e s urf a c e s u-
p ers at ur ati o n, t e m p er at ur e, pr es e n c e of c h e mi c al i m p uriti es,
a n d str u ct ur e of t h e cr yst al s urf a c e ( N els o n a n d K ni g ht,
1 9 9 8; Li b br e c ht a n d Ri c k er b y, 2 0 1 3; H arris o n et al., 2 0 1 6).
H o w e v er, e xtr a p ol ati n g fr o m si n gl e- cr yst al e x p eri m e nts p er-
f or m e d i n c o ntr oll e d c o n diti o ns t o at m os p h eri c cirr us is
n ot str ai g htf or w ar d, as i c e cr yst als gr o wi n g i n t h e at m o-
s p h er e c o m p et e f or a v ail a bl e v a p or a n d e x p eri e n c e si g nif-
i c a nt c h a n g es i n a m bi e nt c o n diti o ns d u e t o d y n a mi c pr o-
c ess es, s u c h as t h e i n fl u e n c e of gr a vit y w a v es ( S pi c hti n g er
a n d Kr ä m er, 2 0 1 3; J e ns e n et al., 2 0 1 6; Di n h et al., 2 0 1 6).
T h es e pr o c ess es will aff e ct t h e t h er m al a n d w at er v a p or e n vi-
r o n m e nt of t h e gr o wi n g cr yst als a n d t h er ef or e m a y i n fl u e n c e
t h e m a n n er i n w hi c h t h e cr yst als gr o w.

A d diti o n all y, o nl y a f e w st u di es h a v e s p e ci fi c all y t ar g et e d
i c e gr o wt h at t e m p er at ur es c ol d er t h a n 2 3 3 K ( Pr att e et al.,
2 0 0 6; M a g e e et al., 2 0 0 6; B ail e y a n d H all ett, 2 0 0 9, 2 0 1 2),
a n d, t o d at e, n o st u di es h a v e b e e n d o n e o n t h e gr o wt h of i n-
di vi d u al i c e f a c ets at t h es e t e m p er at ur es. At m os p h eri c m e a-
s ur e m e nts h a v e als o b e e n us e d t o c o nstr ai n t h e d e p ositi o n
c o ef fi ci e nt, alt h o u g h t h er e ar e si g ni fi c a nt c h all e n g es i n m e a-
s uri n g i c e cr yst al gr o wt h r at es fr o m a n air b or n e pl atf or m, as
t h e e v ol uti o n of cr yst al gr o wt h o v er ti m e c a n n ot b e dir e ctl y
m e as ur e d ( K a uf m a n n et al., 2 0 1 8; Kr ä m er et al., 2 0 2 0).

O n e pr e vi o us st u d y ( S kr ot z ki et al., 2 0 1 3) f o c us e d o n m e a-
s ur e m e nts of t h e d e p ositi o n c o ef fi ci e nt at cirr us-r el e v a nt t e m-
p er at ur es ( 1 9 0 – 2 3 0 K) i nsi d e of a cl o u d c h a m b er, w h er e t h e
e v ol uti o n of a n air p ar c el c a n b e m o nit or e d o v er ti m e. Cl o u d
c h a m b ers si m ul at e cirr us cl o u ds f or m e d i n t h e at m os p h er e
vi a a di a b ati c e x p a nsi o n e x p eri m e nts b y r a pi dl y c h a n gi n g
t e m p er at ur e a n d pr ess ur e t o cr e at e i c e-s u p ers at ur at e d c o n-
diti o ns. W hil e si n gl e- p arti cl e e x p eri m e nts h a v e i n di c at e d
t h e d e p ositi o n c o ef fi ci e nt c a n i n s o m e c as es b e v er y s m all
( M a g e e et al., 2 0 0 6), t h es e cl o u d c h a m b er e x p eri m e nts s u g-
g est e d d e p ositi o n c o ef fi ci e nts i n cirr us c o n diti o ns ar e n e ar
1 a n d t h er ef or e c a n g e n er all y b e n e gl e ct e d i n m o d el c al c u-
l ati o ns of m ass gr o wt h. T h e p ast st u d y i n AI D A f o c us e d
o n w h et h er s urf a c e ki n eti c eff e cts li mit i c e gr o wt h r at es i n
cirr us c o n diti o ns, eff e cti v el y i n v esti g ati n g m o d els f or t h e
d e p ositi o n c o ef fi ci e nt t h at ass u m e it is a si n gl e c o nst a nt
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v al u e, r at h er t h a n a s u p ers at ur ati o n-, t e m p er at ur e-, a n d f a c et-
d e p e n d e nt f u n cti o n. T his c o nst a nt v al u e f or t h e d e p ositi o n
c o ef fi ci e nt c a n b e t h o u g ht of as t h e hi g h-s u p ers at ur ati o n li mit
of t h e d e p ositi o n c o ef fi ci e nt f u n cti o n. C al c ul ati n g t h e s h a p e
e v ol uti o n of f a c et e d cr yst als, e v e n c o m pl e x o n es, w o ul d
still r e q uir e esti m ati n g p ar a m et ers f or t h e t e m p er at ur e-,
s u p ers at ur ati o n-, a n d f a c et- d e p e n d e nt d e p ositi o n c o ef fi ci e nt
f u n cti o n, e v e n if t his d e p ositi o n c o ef fi ci e nt f u n cti o n d o es
n ot si g ni fi c a ntl y li mit gr o wt h r at es. S e v er al att e m pts h a v e
b e e n m a d e t o e x pl ai n t h e dis cr e p a n ci es b et w e e n diff er e nt e x-
p eri m e nt al m e as ur e m e nts of t h e d e p ositi o n c o ef fi ci e nt ( Li b-
br e c ht, 2 0 0 4; H arris o n et al., 2 0 1 6), b ut t h e q u esti o ns of
h o w t h es e e x p eri m e nts c a n b e r e c o n cil e d a n d w h et h er cirr us
cl o u ds f or m i n c o n diti o ns w h er e s urf a c e eff e cts si g ni fi c a ntl y
li mit gr o wt h r at es still r e m ai n.

T o a d dr ess t h es e q u esti o ns, w e us e o bs er v ati o ns fr o m e x-
p a nsi o n e x p eri m e nts p erf or m e d i nsi d e of t h e AI D A a er os ol
a n d cl o u d c h a m b er d uri n g t h e Is ot o pi c Fr a cti o n ati o n i n
Cl o u ds (Is o Cl o u d) c a m p ai g n ( L a m b et al., 2 0 1 7; Cl o us er
et al., 2 0 2 0). We i n v esti g at e w h et h er d e p ositi o n al i c e gr o wt h
m o d els i n cl u di n g s urf a c e ki n eti c pr o c ess es t h at v ar y wit h
c h a n g es i n a m bi e nt c o n diti o ns ar e c o nsist e nt wit h t h e o b-
s er v e d i c e gr o wt h r at es i n AI D A. T h es e e x p eri m e nts i n cl u d e d
c as es of b ot h h o m o g e n e o us a n d h et er o g e n e o us i c e f or m ati o n
t o i n v esti g at e t h e r ol e of i c e n u cl e ati o n p at h w a ys i n d e p o-
siti o n al gr o wt h. W hil e S kr ot z ki et al. ( 2 0 1 3) e x pl or e d t h e
v ari a bilit y i n t h e d e p ositi o n c o ef fi ci e nt d eri v e d fr o m e x p er-
i m e nts p erf or m e d i n AI D A at v ari o us t e m p er at ur es a n d wit h
t w o t y p es of h et er o g e n e o us i c e n u cl ei, t h e a n al ysis m et h o d
i m pli citl y ass u m e d t h at α D r e m ai n e d c o nst a nt d uri n g a si n-
gl e e x p a nsi o n e x p eri m e nt, i n v esti g ati n g o nl y t h e c o nst a nt p a-
r a m et eri z ati o n t y pi c all y us e d i n cl o u d m o d els. R e c e nt a d-
v a n c es i n m o d eli n g s urf a c e ki n eti c pr o c ess es o n f a c et e d
i c e i n cirr us cl o u ds ( Z h a n g a n d H arri n gt o n, 2 0 1 4, 2 0 1 5)
a n d i n e x p eri m e nt al m e as ur e m e nts of i n di vi d u al i c e cr yst als
( P o krif k a et al., 2 0 2 0) pr o vi d e m oti v ati o n t o r e a n al y z e t h es e
e x p eri m e nts. I n t his p a p er ( P art 1) w e d es cri b e t h e a d a pt a-
ti o n of a p ar c el m o d el i n cl u di n g diff er e nt m o d els f or s urf a c e
ki n eti c eff e cts t o t h e AI D A e x p eri m e nts ( Z h a n g a n d H arri n g-
t o n, 2 0 1 4, 2 0 1 5) a n d c o m p ar e pr e di ct e d i c e gr o wt h r at es u n-
d er v ar yi n g ass u m pti o ns f or s urf a c e ki n eti c eff e cts. I n f ut ur e
w or k, w e pl a n t o q u a ntit ati v el y e v al u at e c o nstr ai nts pl a c e d
o n s urf a c e ki n eti c m o d els at l o w t e m p er at ur es b y t h es e e x-
p eri m e nts usi n g B a y esi a n p ar a m et er esti m ati o n ( as i n, e. g.,
S c hr o m et al., 2 0 2 1). H er e, w e dis c uss m o d els f or d e p osi-
ti o n al i c e gr o wt h fr o m v a p or a n d h o w t h e eff e cts of diff er e nt
i c e s urf a c es ar e p ar a m et eri z e d i n S e ct. 2. We t h e n dis c uss t h e
e x p eri m e nt al pr ot o c ol a n d e x p eri m e nts p erf or m e d i n AI D A
i n S e ct. 3. I n S e ct. 4, w e dis c uss a v er a g e o bs er v e d i c e gr o wt h
r at es a n d d es cri b e t h e a d a pt ati o n of a p ar c el m o d el wit h t h e
diff er e nt m o d els f or d e p ositi o n al i c e gr o wt h t o AI D A. I n
S e ct. 5, w e c o m p ar e o bs er v e d i c e gr o wt h r at es wit h pr e di ct e d
i c e gr o wt h u n d er diff er e nt ass u m pti o ns f or s urf a c e ki n eti c ef-
f e cts. Fi n all y w e dis c uss t h e i m pli c ati o ns of t h es e r es ults f or
at m os p h eri c cirr us cl o u d m o d els i n S e ct. 6. Si n c e a n u m b er

of a b br e vi ati o ns ar e us e d t hr o u g h o ut t h e t e xt, w e pr o vi d e a
r ef er e n c e list i n A p p e n di x A.

2  M o d el s f or d e p o siti o n al i c e gr o wt h i n cirr u s

c o n diti o n s

I n si n gl e- cr yst alli n e f or m, at m os p h eri c i c e n u cl e at es a n d
t h e n s u bs e q u e ntl y gr o ws t hr o u g h v a p or d e p ositi o n as h e x a g-
o n al i c e ( I h ), wit h t w o b as al ( h e x a g o n al) f a c es a n d si x pris m
(r e ct a n g ul ar) f a c es. T h e si m pl est m o d el f or d e p ositi o n al i c e
gr o wt h is a c a p a cit a n c e m o d el, w hi c h d et er mi n es m ass tr a ns-
f er b as e d o n diff er e n c es b et w e e n s urf a c e t e m p er at ur e a n d f ar-
fi el d s u p ers at ur ati o n ( F u k ut a a n d Walt er, 1 9 7 0; Pr u p p a c h er
a n d Kl ett., 1 9 9 7). T h e si n gl e- cr yst al gr o wt h r at e d m

d t i n t his
m o d el is

d m

d t
= − 4 π D v f v A iC (c, a )( 1 − S i)ρ

∞
v ,s at , ( 1)

w h er e D v is t h e m ol e c ul ar diff usi vit y of w at er v a p or i n air,
A i is a tr a nsf er c o ef fi ci e nt i n c or p or ati n g t h e eff e cts of h e at
a n d v a p or tr a ns p ort, f v is t h e v e ntil ati o n c o ef fi ci e nt, C (a, c )
is t h e c a p a cit a n c e ( w hi c h d e p e n ds o n a a n d c , h alf t h e l o n g est
dist a n c e al o n g t h e b as al a n d pris m f a c ets, r es p e cti v el y), S i is
v a p or s u p ers at ur ati o n o v er i c e, a n d ρ ∞

v ,s at r e pr es e nts t h e w at er
v a p or d e nsit y at s at ur ati o n o v er i c e at t h e f ar- fi el d t e m p er a-
t ur e (i. e., f ar fr o m t h e gr o wi n g i c e cr yst al) ( M as o n, 1 9 7 1).
A i is a f u n cti o n of b ot h t h e t h er m al c o n d u cti vit y k T a n d
t h e v a p or diff usi vit y D v . I n t h e cl assi c al c a p a cit a n c e m o d el,
p erf e ct att a c h m e nt ki n eti cs ar e i m pli citl y ass u m e d. A c o n-
s e q u e n c e of t his ass u m pti o n is t h at t h e v a p or d e nsit y is c o n-
st a nt o v er t h e cr yst al s urf a c e. T his s urf a c e c o n diti o n is i n c o n-
sist e nt wit h t h e gr o wt h of a n y ki n d of f a c et, si n c e f a c eti n g
r e q uir es α D t h at is l ess t h a n u nit y a n d a v a p or d e nsit y t h at
v ari es a cr oss t h e cr yst al f a c et ( N els o n a n d B a k er, 1 9 9 6).

I c e gr o wt h r e q uir es c o nsi d er ati o n of m ass a n d t h er m al e n-
er g y tr a nsf er t hr o u g h t h e b a c k gr o u n d g as al o n g wit h m ol e c-
ul ar att a c h m e nt o nt o t h e cr yst al s urf a c e. S m all i c e cr yst als
c h ar a ct eristi c of t h os e t h at f or m i m m e di at el y f oll o wi n g h o-
m o g e n e o us n u cl e ati o n ( < 2 0 µ m) i n cirr us cl o u ds will als o b e
i n fl u e n c e d t o s o m e e xt e nt b y att a c h m e nt ki n eti cs, es p e ci all y
as f a c ets e m er g e d uri n g gr o wt h ( H arri n gt o n a n d P o krif k a,
2 0 2 1). T h e c a p a cit a n c e m o d el c a n b e m o di fi e d t o i n cl u d e
t h es e att a c h m e nt ki n eti cs b y ass u mi n g gr o wt h o c c urs a cr oss
t w o r e gi o ns: a c o nti n u u m r e gi o n, w h er e g as es c a n b e m o d-
el e d as a c o nti n u o us fl ui d a n d diff usi o n t h e or y a p pli es, a n d
a ki n eti c r e gi o n at t h e s urf a c e of t h e cr yst al w h er e g as es a ct
as t h eir i n di vi d u al c o m p o n e nt m ol e c ul es a n d s urf a c e u pt a k e
r e d u c es gr o wt h ( Pr u p p a c h er a n d Kl ett., 1 9 9 7). T h e b o u n d ar y
b et w e e n t h e t w o r e gi o ns is t h e v a p or j u m p l e n gt h ρ , w hi c h
is g e n er all y ass u m e d t o b e t h e m e a n fr e e p at h λ w of a w at er
m ol e c ul e i n air. T h e s urf a c e eff e cts ar e i n cl u d e d as a m o di-
fi e d diff usi vit y D ∗

w a n d a m o di fi e d t h er m al c o n d u cti vit y k ∗
T ,

w hi c h ar e f u n cti o ns of t h e d e p ositi o n c o ef fi ci e nt α D a n d t h e
t h er m al a c c o m m o d ati o n c o ef fi ci e nt α T . T his l att er q u a ntit y

htt p s:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 2 3- 6 0 4 3- 2 0 2 3 At m o s. C h e m. P h y s., 2 3, 6 0 4 3 – 6 0 6 4, 2 0 2 3



6 0 4 6  K. D. L a m b et al.: R e- e v al u ati n g cl o u d c h a m b er c o n str ai nt s – P art 1

Fi g ur e 1. E x a m pl es of cr yst al s urf a c e str u ct ur e. T h e 1 D d ef e cts i n
t h e cr yst al l atti c e ( a) pr o vi d e f a v or a bl e att a c h m e nt sit es t h at l e a d t o
s cr e w disl o c ati o ns ( b). W h e n n o d ef e cts ar e i niti all y pr es e nt ( c), 2 D
l e d g es m ust first f or m o n t h e cr yst al s urf a c e t o pr o vi d e f a v or a bl e
att a c h m e nt sit es ( d).

is t h o u g ht t o b e n e ar u nit y, b ut it h as n ot b e e n m e as ur e d at
l o w t e m p er at ur es.

W h e n s urf a c e l e d g e d e nsiti es ar e hi g h e n o u g h t h at t h e y
d o n ot i m p e d e gr o wt h, t h e d e p ositi o n c o ef fi ci e nt b e c o m es
e q ui v al e nt t o a m ol e c ul ar a ds or pti o n – d es or pti o n ef fi ci e n c y,
e. g., a m ol e c ul ar “sti c ki n g ” c o ef fi ci e nt, w h er e

α D = α s , ( 2)

a n d α s is t h e pr o b a bilit y t h at a n i n ci d e nt m ol e c ul e will a ds or b
t o t h e cr yst al s urf a c e; i. e., α s is a c o nst a nt b et w e e n 0 a n d
1. T his a ds or pti o n ef fi ci e n c y is g e n er all y c o nsi d er e d t o b e
n e ar u nit y ( α s ∼ 1) ( Li b br e c ht, 2 0 0 5). E x p eri m e nts usi n g a
m ol e c ul ar b e a m i n di c at e d t h at t his sti c ki n g c o ef fi ci e nt α s ∼ 1
a n d is t e m p er at ur e i n d e p e n d e nt ( Br o w n et al., 1 9 9 6).

T h e c o nst a nt p ar a m et eri z ati o n f or t h e d e p ositi o n c o ef fi-
ci e nt ( E q. 2) d o es n ot p h ysi c all y a c c o u nt f or t h e diff usi o n of
m ol e c ul es a cr oss t h e f a c e of t h e cr yst al t o f a v or a bl e att a c h-
m e nt sit es, h o w e v er. St atisti c al m e c h a ni c al c o nsi d er ati o ns i n-
di c at e t h at cr yst al gr o wt h t hr o u g h v a p or d e p ositi o n is a f u n c-
ti o n of t h e str u ct ur e of t h e cr yst al s urf a c e, as att a c h m e nt of
v a p or m ol e c ul es t o s urf a c es wit h o ut pr e- e xisti n g l e d g es is
n ot e n er g eti c all y f a v or a bl e. I c e cr yst als oft e n f or m wit h 1 D
d ef e cts i n t h e cr yst al l atti c e, l e a di n g t o t h e o c c urr e n c e of
s cr e w disl o c ati o ns ( Fi g. 1 a a n d b). T h e o c c urr e n c e of t h es e
d ef e cts pr o vi d es att a c h m e nt sit es f or v a p or d e p ositi n g o n i c e,
l e a di n g t o c h ar a ct eristi c s pir al gr o wt h p att er ns ( B urt o n et al.,
1 9 5 1). F a c ets wit h o ut l e d g es r e q uir e t h e n u cl e ati o n of 2 D
“isl a n ds ”, or l e d g es, t o pr o vi d e f a v or a bl e att a c h m e nt sit es
( Fi g. 1 c a n d d). T h e d e p ositi o n c o ef fi ci e nt ass o ci at e d wit h
b ot h gr o wt h m e c h a nis ms h as b e e n s h o w n t o b e d e p e n d e nt
o n t h e r ati o of t h e l o c al s u p ers at ur ati o n s l o c al t o a criti c al s u-
p ers at ur ati o n s crit , wit h v er y i n ef fi ci e nt v a p or d e p ositi o n as-
s o ci at e d wit h 2 D l e d g e n u cl e ati o n w h e n s l o c al < s crit , w hil e

Fi g ur e 2. T h e d e p ositi o n c o ef fi ci e nt as a f u n cti o n of s urf a c e s u-
p ers at ur ati o n. Cr yst als gr o wi n g vi a v a p or d e p ositi o n m a y s u p p ort
diff er e nt t y p es of gr o wt h m e c h a nis ms r es ulti n g fr o m pr o p erti es of
t h e cr yst al s urf a c e ( e. g., s cr e w disl o c ati o ns, st a c ki n g f a ults, or 2 D
l e d g e n u cl e ati o n). T h e d e p ositi o n c o ef fi ci e nt is t h er ef or e e x p e ct e d
t o b e a f u n cti o n of t h e s urf a c e s u p ers at ur ati o n (s l o c al) r el ati v e t o a
criti c al s u p ers at ur ati o n ( s crit ). T his criti c al s u p ers at ur ati o n is g e n er-
all y c o nsi d er e d t o b e a f u n cti o n of t h e cr yst al f a c et ( b as al or pris m)
a n d t h e t e m p er at ur e.

s cr e w disl o c ati o n gr o wt h h as a m u c h m or e gr a d u al d e p e n-
d e n c e ( B urt o n et al., 1 9 5 1). T h es e gr o wt h m e c h a nis ms h a v e
b e e n o bs er v e d e x p eri m e nt all y, e. g., t hr o u g h a d v a n c e d o pti-
c al mi cr os c o p y of b as al a n d pris m f a c ets of i c e gr o w n n e ar
t h e m elti n g p oi nt (s e e f or e x a m pl e S a z a ki et al., 2 0 1 0, 2 0 1 4,
a n d r ef er e n c es t h er ei n). Ot h er t y p es of cr yst al d ef e cts, s u c h
as st a c ki n g f a ults ( pl a n ar cr yst al d ef e cts), c a n als o a ct as f a-
v or a bl e att a c h m e nt sit es ( N els o n a n d B a k er, 1 9 9 6).

T h e d e p ositi o n c o ef fi ci e nt f or t h e gr o wt h pr o c ess es d e-
s cri b e d a b o v e c a n b e p ar a m et eri z e d usi n g a r el ati v el y si m pl e
m o d el pr o p os e d b y N els o n a n d B a k er ( 1 9 9 6). T his m o d el
p ar a m et eri z es t h e s urf a c e diff usi o n of m ol e c ul es t o l e d g es or
st e ps t h at f or m o n t h e cr yst al s urf a c es ( N els o n a n d B a k er,
1 9 9 6) a n d is a n e x pli cit f u n cti o n of t h e s urf a c e s u p ers at u-
r ati o n a n d pr o p erti es of t h e cr yst al s urf a c e a n d a n i m pli cit
f u n cti o n of t e m p er at ur e t hr o u g h t h e criti c al s u p ers at ur ati o n,
s crit (T ). Va p or att a c h m e nt ki n eti cs i n cl u d e b ot h t h e diff usi o n
ti m es c al e a cr oss t h e cr yst al s urf a c e t o f a v or a bl e att a c h m e nt
sit es a n d t h e r el ati v e pr o b a bilit y t h at a m ol e c ul e will b e i n-
c or p or at e d i nt o t h e cr yst al l atti c e. D e p ositi o n is oft e n p ar a m-
et eri z e d i n t his c as e as

α D = α s
s l o c al

s crit

m

t a n h
s crit

s l o c al

m

, ( 3)
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w h er e s l o c al is t h e s u p ers at ur ati o n j ust a b o v e t h e cr yst al s ur-
f a c e ( N els o n a n d B a k er, 1 9 9 6). T h e a ds or pti o n ef fi ci e n c y α s

is g e n er all y t a k e n t o b e u nit y (s e e a b o v e). Gr o wt h m e c h a-
nis ms o n i c e s urf a c es ar e p ar a m et eri z e d usi n g diff er e nt v al-
u es f or m (s e e Fi g. 2). Gr o wt h b y p er m a n e nt s urf a c e disl o-
c ati o n ( B urt o n et al., 1 9 5 1) is p ar a m et eri z e d b y a v al u e of
m = 1, st a c ki n g-f a ult-i n d u c e d n u cl e ati o n as m ∼ 3 – 5 ( Mi n g
et al., 1 9 8 8), a n d 2 D l e d g e n u cl e ati o n as m ∼ 1 0 – 1 5 ( N els o n
a n d B a k er, 1 9 9 6). I n cl o u d m o d els a n d gl o b al cli m at e m o d-
els, e v e n w h e n t h e s e nsiti vit y wit h r es p e ct t o t h e d e p ositi o n
c o ef fi ci e nt h as b e e n e x pl or e d, it h as g e n er all y b e e n v ari e d
as a c o nst a nt v al u e ( E q. 2) a n d n ot c o nsist e ntl y wit h t h e i c e
s urf a c e gr o wt h m e c h a nis ms ( E q. 3) ( N els o n, 2 0 0 5).

T his d e p ositi o n c o ef fi ci e nt is v ali d f or t h e f a c et e d gr o wt h
of i c e cr yst als i nt o t h e v ari et y of h a bits o bs er v e d i n t h e at m o-
s p h er e ( B urt o n et al., 1 9 5 1; L e wis, 1 9 7 4; L a m b a n d C h e n,
1 9 9 5). F or I h , t h e b as al a n d pris m f a c ets h a v e b e e n s h o w n
t o h a v e diff er e nt d e p ositi o n c o ef fi ci e nts, wit h disti n ct d e-
p e n d e n ci es o n t e m p er at ur e a n d s u p ers at ur ati o n, c o nsist e nt
wit h t h e l ar g e v ari et y of i c e cr yst al m or p h ol o gi es o bs er v e d
i n t h e at m os p h er e. O n c e d e p ositi o n c o ef fi ci e nts r e a c h u nit y,
m or p h ol o gi c al i nst a biliti es c a n o c c ur, l e a di n g t o t h e h oll o w-
i n g of f a c ets a n d t h e d e v el o p m e nt of br a n c hi n g ar ms ( e. g.,
G o n d a a n d G o mi, 1 9 8 5; Yo k o y a m a a n d K ur o d a, 1 9 9 0; W o o d
et al., 2 0 0 1; Li b br e c ht, 2 0 0 5). R e c e nt si n gl e- cr yst al e x p eri-
m e nts h a v e g e n er all y f o c us e d o n t h e d et er mi n ati o n of s crit f or
t h e b as al a n d pris m f a c ets ( N els o n a n d K ni g ht, 1 9 9 8; Li b-
br e c ht a n d Ri c k er b y, 2 0 1 3; H arris o n et al., 2 0 1 6), alt h o u g h
all of t h es e e x p eri m e nts h a v e f o c us e d o n m e as ur e m e nts at
T > 2 3 3 K. Fi g ur e 3 s h o ws p ar a m et eri z ati o ns f or s crit as a
f u n cti o n of t e m p er at ur e. T h e v al u es b el o w 2 3 3 K ar e e xtr a p-
ol ati o ns ( W o o d et al., 2 0 0 1; Li b br e c ht, 2 0 0 3; H arris o n et al.,
2 0 1 6) a n d r o u g h esti m at es fr o m pri or d at a ( H arri n gt o n et al.,
2 0 1 9). H arri n gt o n et al. ( 2 0 1 9) gi v e a f ull er r e vi e w of p ast
e x p eri m e nt al c o nstr ai nts o n s crit a n d its r el e v a nt t e m p er at ur e
r a n g es.

A d diti o n al c o m pli c ati o ns f or i c e d e p ositi o n aris e d u e t o
t h e pr es e n c e of c h e mi c al i m p uriti es or c o ati n gs o n i c e
s urf a c es ( Li b br e c ht, 2 0 0 5). M ol e c ul ar b e a m e x p eri m e nts
h a v e i n di c at e d n e ar- u nit y a c c o m m o d ati o n of w at er v a p or o n
nitri c- a ci d- c o at e d i c e a n d a c eti c- a ci d- c o at e d i c e b ut m or e ef-
fi ci e nt d es or pti o n i n t h e c as e of s h ort- c h ai n al c o h ols ( K o n g
et al., 2 0 1 4). Pr e vi o us st u di es h a v e als o d e m o nstr at e d diff er-
e n c es i n i c e cr yst al m or p h ol o g y d u e t o t h e pr es e n c e of c h e m-
i c al i m p uriti es ( H all ett a n d M as o n, 1 9 5 8; M as o n, 1 9 7 1).

I m p a ct s of n u cl e ati o n p at h w a y s o n d e p o siti o n al gr o wt h

r at e s

R e c e nt e x p eri m e nt al w or k s u g g ests t h at d e p ositi o n al i c e
gr o wt h r at es ( B ail e y a n d H all ett, 2 0 0 2; H arris o n et al., 2 0 1 6;
P o krif k a et al., 2 0 2 0; H arri n gt o n a n d P o krif k a, 2 0 2 1) a n d
s urf a c e c o m pl e xit y ( S c h n ait er et al., 2 0 1 6; Voi gtl ä n d er et al.,
2 0 1 8) m a y b e i m p a ct e d b y w h et h er h et er o g e n e o us or h o-
m o g e n e o us n u cl e ati o n i niti at es t h e i c e gr o wt h pr o c ess. E x-

Fi g ur e 3. Te m p er at ur e d e p e n d e n c e of s crit . P ar a m et eri z ati o ns f or
t h e t e m p er at ur e d e p e n d e n c e of s crit t h at w e c o m p ar e i n t his st u d y.

p eri m e nts o n h et er o g e n e o us i c e n u cl ei h a v e d e m o nstr at e d
s urf a c e d ef e cts o n mi n er al d ust s er v e as a cti v e sit es f or i c e
gr o wt h ( Kis el e v et al., 2 0 1 6). Diff er e n c es i n t h e m or p h ol o g y
of mi n er al d ust h a v e als o b e e n s h o w n t o i m p a ct t h e n u m-
b er of a cti v e sit es a v ail a bl e f or n u cl e ati o n ( Hir a n u m a et al.,
2 0 1 4 a, b). H o m o g e n e o us n u cl e ati o n i nst e a d is d e p e n d e nt o n
a p h as e tr a nsiti o n, l e a di n g t o cr yst alli z ati o n i n s u p er c o ol e d
a q u e o us dr o pl ets, w hi c h o c c urs s p o nt a n e o usl y wit h o ut r e-
q uiri n g pr ef er e nti al n u cl e ati o n sit es. F oll o wi n g n u cl e ati o n,
t h es e diff er e nt pr o c ess es m a y l e a d t o i c e cr yst als wit h dis-
ti n ct s urf a c e c h ar a ct eristi cs. I c e f or m e d as a r es ult of h et-
er o g e n e o us n u cl e ati o n h as b e e n s u g g est e d t o b e d o mi n at e d
b y disl o c ati o n gr o wt h ( H arris o n et al., 2 0 1 6), w h er e as m e a-
s ur e m e nts als o s u g g est t h at h o m o g e n e o usl y n u cl e at e d i c e is
i niti all y d o mi n at e d b y disl o c ati o ns b ut m a y sl o wl y tr a nsiti o n
t o l e d g e n u cl e ati o n gr o wt h ( P o krif k a et al., 2 0 2 0).

B e c a us e hi g h er s u p ers at ur ati o ns ar e r e q uir e d f or h o m o-
g e n e o us n u cl e ati o n, i c e cr yst als f or m e d vi a h et er o g e n e o us
or h o m o g e n e o us n u cl e ati o n m e c h a nis ms e x p eri e n c e diff er-
e nt hist ori es of s u p ers at ur ati o n. T his hi g h er s u p ers at ur ati o n
r e q uir e d t o n u cl e at e i c e h o m o g e n e o usl y c o ul d l e a d t o a “ ki-
n eti c r o u g h e ni n g ” of t h e i c e s urf a c e ( Li b br e c ht, 2 0 0 5). A d-
diti o n all y, r e c e nt e x p eri m e nts of i c e f or m e d t hr o u g h h o m o-
g e n e o us n u cl e ati o n wit hi n a n el e ctr o d y n a mi c l e vit ati o n dif-
f usi o n c h a m b er at t e m p er at ur es b et w e e n 2 2 9 a n d 2 4 3 K i n di-
c at e d t h at a gr o wt h tr a nsiti o n m a y o c c ur d uri n g gr o wt h i n
c o n diti o ns of c o nst a nt s u p ers at ur ati o n, wit h i niti al gr o wt h
o c c urri n g ef fi ci e ntl y a n d l at er gr o wt h i n ef fi ci e ntl y ( P o krif k a
et al., 2 0 2 0). I c e cr yst al c o m pl e xit y, d e fi n e d as t h e s u b-
mi cr o n s urf a c e str u ct ur e of i c e, v ari es as t h e cr yst als gr o w,
wit h diff er e n c es b et w e e n h et er o g e n e o us a n d h o m o g e n e o us
n u cl e ati o n o bs er v e d d uri n g a di a b ati c e x p a nsi o n e x p eri m e nts
i n AI D A ( S c h n ait er et al., 2 0 1 6; J är vi n e n et al., 2 0 1 8).
H o m o g e n e o us n u cl e ati o n e x p eri m e nts w er e f o u n d t o cr e-
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at e hi g hl y c o m pl e x i c e, w h er e as h et er o g e n e o us n u cl e ati o n
e x p eri m e nts l e d t o i c e v ar yi n g fr o m pristi n e ( m ol e c ul arl y
s m o ot h) t o hi g hl y c o m pl e x as a f u n cti o n of t h e s u p ers at u-
r ati o n. B e c a us e t h e d e p ositi o n c o ef fi ci e nt d e p e n ds o n t h e r el-
ati v e s m o ot h n ess of t h e i c e cr yst al s urf a c e, t h es e r es ults s u g-
g est h o m o g e n e o us a n d h et er o g e n e o us n u cl e ati o n m a y cr e at e
i c e wit h u ni q u e d e p ositi o n c o ef fi ci e nts.

3  Cl o u d c h a m b er e x p eri m e nt s of d e p o siti o n al i c e

gr o wt h f or T < 2 3 5 K

T o i n v esti g at e d e p ositi o n al i c e gr o wt h at l o w t e m p er at ur es,
cirr us cl o u d si m ul ati o n e x p eri m e nts w er e p erf or m e d i n t h e
AI D A a er os ol a n d cl o u d c h a m b er d uri n g t h e Is o Cl o u d 4 c a m-
p ai g n i n M ar c h 2 0 1 3. T h e Is o Cl o u d e x p eri m e nts c o nsist e d
of a s eri es of ps e u d o- a di a b ati c e x p a nsi o n e x p eri m e nts b e-
t w e e n 1 8 0 – 2 3 5 K, a n d t h e e x p eri m e nt al pr ot o c ol us e d d ur-
i n g t h e c a m p ai g ns h as pr e vi o usl y b e e n d es cri b e d i n L a m b
et al. ( 2 0 1 7) a n d Cl o us er et al. ( 2 0 2 0). Pr e vi o us st u di es us-
i n g t h e Is o Cl o u d o bs er v ati o ns f o c us e d o n c h ar a ct eri zi n g is o-
t o pi c fr a cti o n ati o n b et w e e n H D O a n d H2 O d uri n g d e p osi-
ti o n al i c e gr o wt h ( L a m b et al., 2 0 1 7) a n d i n v esti g at e d s at u-
r ati o n v a p or pr ess ur e o v er i c e f or t e m p er at ur es b et w e e n 1 8 9
a n d 2 3 5 K ( Cl o us er et al., 2 0 2 0). AI D A is a l ar g e c h a m b er
( 8 4. 5 m3 v ol u m e) w h er e mi x e d- p h as e a n d i c e cl o u ds c a n b e
e x p eri m e nt all y si m ul at e d t hr o u g h a di a b ati c e x p a nsi o n of air
( a s y nt h eti c mi xt ur e of N2 , O2 , a n d Ar) a n d w at er v a p or. T his
a di a b ati c e x p a nsi o n c o ols t h e g as i nsi d e t h e c h a m b er b y s e v-
er al d e gr e es K el vi n, l e a di n g t o c o n diti o ns of i c e s u p ers at u-
r ati o n s uf fi ci e nt t o n u cl e at e i c e, b y i ntr o d u ci n g eit h er s oli d
a er os ol p arti cl es (t o n u cl e at e i c e h et er o g e n e o usl y) or a q u e-
o us a er os ol dr o pl ets (t o n u cl e at e i c e h o m o g e n e o usl y).

I n a t y pi c al e x p a nsi o n e x p eri m e nt, t h e cl o u d c h a m b er is
pr e p ar e d b y i niti all y c o oli n g t h e e ntir e s a m pl e v ol u m e t o
a st arti n g t e m p er at ur e < 2 3 5 K. T his c o oli n g t a k es s e v er al
h o urs, a n d t h er ef or e e a c h e x p eri m e nt al d a y f o c us e d o n a
s eri es of 4 – 7 e x p eri m e nts p erf or m e d wit h si mil ar st arti n g
t e m p er at ur es. T h e Is o Cl o u d c a m p ai g n i n cl u d e d e x p eri m e nts
o v er 9 d f or a t ot al of 4 8 e x p a nsi o n e x p eri m e nts.

T o pr e p ar e t h e c h a m b er w alls wit h a t hi n l a y er of i c e, w a-
t er v a p or w as i niti all y s pr a y e d i nt o t h e c h a m b er, a n d t h e n
t h e c h a m b er w as p u m p e d d o w n, wit h t his pr o c ess r e p e at e d
s e v er al ti m es t o pr o vi d e a r e as o n a bl y u nif or m c o v er a g e of
t h e w alls wit h a t hi n i c e c o ati n g. T h e i c e o n t h e w alls h el ps
m ai nt ai n e q uili bri u m c o n diti o ns wit h t h e w at er i n t h e v a p or
p h as e ( wit h t h e g as i niti all y at a sli g htl y hi g h er t e m p er at ur e
t h a n t h e c h a m b er w alls, pr o d u ci n g i c e s u b-s at ur at e d c o n di-
ti o ns wit h R Hi ∼ 8 0 % – 9 0 %).

I c e cl o u d e x p eri m e nts w er e p erf or m e d wit h s e v er al diff er-
e nt t y p es of a er os ols t o cr e at e a r a n g e of c o n diti o ns t o i n-
v esti g at e i c e gr o wt h i n hi biti o n at l o w t e m p er at ur es. B ef or e
t h e st art of a n e x p a nsi o n e x p eri m e nt, a er os ols w er e i ntr o-
d u c e d i nt o t h e c h a m b er. Ari z o n a t est d ust ( A T D), a mi n er al
d ust pr o x y, w as us e d i n 3 1 e x p eri m e nts, as it h as pr e vi o usl y

b e e n s h o w n t o b e a v er y ef fi ci e nt h et er o g e n o us I N, wit h a n
i c e a cti v e fr a cti o n b et w e e n 0. 6 – 0. 8 f or S i < 1 .1 5 at T = 2 0 9
a n d 2 2 3 K ( M ö hl er et al., 2 0 0 6). A T D p arti cl es w er e si z e
s el e ct e d vi a i m p a cti o n f or si z es < 2 µ m a n d w er e dis p ers e d
vi a a r ot ati n g br us h g e n er at or ( R G B 1 0 0 0, P A L A S) ( M ö hl er
et al., 2 0 0 6). A q u e o us s ulf uri c a ci d p arti cl es ( H 2 S O 4 / H 2 O,
r ef err e d t o h er e aft er as S A) w er e g e n er at e d as i n Wa g n er
et al. ( 2 0 0 8) a n d w er e us e d i n ni n e e x p eri m e nts. S e c o n d ar y
or g a ni c a er os ol ( S O A) w as us e d f or o n e e x p eri m e nt wit h
a n a d diti o n al t hr e e e x p eri m e nts usi n g S O A c o at e d wit h ni-
tri c a ci d. At m os p h eri c o bs er v ati o ns a n d l a b or at or y m e as ur e-
m e nts h a v e pr e vi o usl y s h o w n t h at nitri c a ci d m a y i m p e d e i c e
gr o wt h i n cirr us c o n diti o ns ( G a o et al., 2 0 0 4, 2 0 1 5). R ef-
er e n c e p u m p d o w ns ( e. g., wit h o ut a n y a er os ols a d d e d) w er e
p erf or m e d i n si x c as es; t h e t y pi c al a er os ol b a c k gr o u n d c o n-
c e ntr ati o ns i n AI D A ar e l ess t h a n 0. 1 c m − 3 . Ta bl e 2 gi v es
a n o v er vi e w of all of t h e e x p eri m e nts p erf or m e d d uri n g t h e
c a m p ai g n.

I n t h e AI D A c h a m b er, t h e eff e cti v e v erti c al m oti o n ( as-
s u mi n g dr y a di a b ati c as c e nt) c a n b e esti m at e d fr o m t h e t e m-
p er at ur e d eri v ati v e as

w eff = −
d T

d t

c p

g
, ( 4)

w h er e w eff is t h e eff e cti v e u p dr aft s p e e d i n m s− 1 , d T
d t is t h e

ti m e d eri v ati v e of t h e t e m p er at ur e i n K s− 1 , c p is t h e s p e-
ci fi c h e at c a p a cit y of dr y air ( 1 0 0 4 J ( k g K) − 1 ), a n d g is t h e
gr a vit ati o n al c o nst a nt ( 9. 8 1 m s − 2 ). T y pi c al eff e cti v e u p dr aft
s p e e ds i n AI D A d uri n g t h e Is o Cl o u d e x p eri m e nts w er e b e-
t w e e n 9 0 – 3 0 0 c m s− 1 (s e e Ta bl e 2).

Aft er i c e f or m ati o n, t h e i c e o n t h e w alls pr o vi d es a n a d di-
ti o n al s o ur c e of w at er v a p or t o t h e c h a m b er. I n a t y pi c al e x-
p eri m e nt, p u m pi n g o c c urs o v er 5 – 1 0 mi n, a n d aft er t h e e n d
of p u m pi n g, t h e i c e e v a p or at es aft er ∼ 1 0 mi n as a h e at fl u x
t hr o u g h t h e c h a m b er w alls w ar ms t h e g as i nsi d e. A mi xi n g
f a n l o c at e d at t h e b ott o m of t h e c h a m b er m e di at es t h e i m-
p a ct of gr a vit ati o n al s ettli n g a n d d e cr e as es i n h o m o g e n eit y i n
t h e g as. T h e mi xi n g ti m es c al e is of t h e or d er of 3 0 s. T h e
g as es a n d a er os ols i ntr o d u c e d i nt o t h e c h a m b er ar e dil ut e d
b y a f a ct or of ∼ 2 w hil e t h e p u m ps ar e t ur n e d o n. G as t e m-
p er at ur e is m e as ur e d b y fi v e t h er m o c o u pl es l o c at e d al o n g a
wir e at diff er e nt h ei g hts a p pr o xi m at el y 1 m fr o m t h e c h a m-
b er w alls; h er e w e us e a n a v er a g e of t h e f o ur l o w er t h er m o-
c o u pl es, as t h e fift h is l o c at e d n e ar t h e t o p of t h e c h a m b er
a n d s h o ws si g ni fi c a ntl y gr e at er t e m p er at ur e v ari a bilit y. T h e
T D L i nstr u m e nts w er e l o c at e d b et w e e n t h e t hir d a n d f o urt h
t h er m o c o u pl es (s e e Fi g. 4). T h e t y pi c al st a n d ar d d e vi ati o n is
< 0 .5 K i n st e a d y-st at e c o n diti o ns a n d < 1 K d uri n g t h e e x-
p a nsi o n e x p eri m e nts ( at 2 1 0 K).

I nstr u m e nt ati o n us e d d uri n g t h e c a m p ai g n pr o vi d e d e v ol v-
i n g a er os ol a n d i c e n u m b er c o n c e ntr ati o ns, t ot al w at er a n d
w at er v a p or m ass mi xi n g r ati os, pr ess ur e, a n d t e m p er at ur e
d uri n g t h e e x p eri m e nts. A s c h e m ati c of t h e e x p eri m e nt al
s et u p d uri n g t h e c a m p ai g n is s h o w n i n Fi g. 4, a n d a s u m-
m ar y of t h e i nstr u m e nts us e d i n t h e e x p eri m e nts, t h e q u a n-
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Fi g ur e 4. AI D A m e as ur e m e nt c h a m b er a n d i nstr u m e nt ati o n d uri n g t h e Is o Cl o u d c a m p ai g ns. T h e AI D A c h a m b er is a l ar g e- v ol u m e ( 8 4. 5 m 3 )
e n vir o n m e nt al c h a m b er. Pr ess ur e c a n b e d y n a mi c all y c o ntr oll e d vi a v a c u u m p u m ps e v a c u ati n g g as es a n d p arti cl es, l e a di n g t o a di a b ati c c o ol-
i n g of t h e g as. A f a n cir c ul at es air i nsi d e t h e c h a m b er t o miti g at e gr a vit ati o n al s ettli n g a n d mi x t h e air i nsi d e t h e c h a m b er. T h e i nstr u m e nt al
l a y o ut d uri n g t h e Is o Cl o u d e x p eri m e nts is s h o w n, wit h t h e T D L i nstr u m e nts ( C hi WI S a n d S P- A Pi c T) m e as uri n g w at er v a p or a p pr o xi m at el y
t w o-t hir ds of t h e h ei g ht of t h e c h a m b er, a n d t h e w el as o pti c al p arti cl e c o u nt ers m e as uri n g n e ar t h e b ott o m of t h e c h a m b er. T ot al w at er w as
m o nit or e d ( b y AI D A P CI e xtr a cti v e T D L, A P e T) vi a e xtr a cti o n al o n g a h e at e d i nl et at a p pr o xi m at el y t h e s a m e h ei g ht as t h e w at er v a p or
i nstr u m e nts.

T a bl e 1. O pti c al i nstr u m e nts us e d i n t h e a n al ysis. T h e r a n g e f or C hi- WI S, S P- A Pi c T, a n d A P e T i n di c at es t h e t e m p er at ur e r a n g e o v er w hi c h
t h e i nstr u m e nt c a n g e n er all y b e us e d t o r etri e v e w at er v a p or mi xi n g r ati os. F or A P e T, i c e cr yst als gr e at er t h a n 7 µ m ar e s a m pl e d wit h l ess t h a n
1 0 0 % ef fi ci e n c y. T h e r a n g e f or t h e w el as i nstr u m e nt i n di c at es t h e eff e cti v e s p h eri c al r a di us of t h e p arti cl es t h at c a n b e s a m pl e d, alt h o u g h
t his is d e p e n d e nt o n t h e m or p h ol o g y a n d ori e nt ati o n of t h e cr yst als i n t h e i nstr u m e nt.

I nstr u m e nt  O bs er v a bl e  R a n g e  Ti m e r es.  A c c.  D es cri pti o n

C hi- WI S  H 2 O, i n sit u v a p or ( p p m v) 1 9 0 – 2 3 5 K 1 s ± 5 %  T D L A S at 2. 6 5 µ m, 2 5 6 – 2 8 6 m o pti c al
p at h ( S ar k o z y et al., 2 0 2 0)

S P- A Pi c T  H 2 O, i n sit u v a p or ( p p m v) 2 0 5 – 2 3 5 K 1 s ± 5 %  T D L A S at 1. 3 7 µ m, 4. 1 m o pti c al p at h
( S kr ot z ki, 2 0 1 2)

A P e T  H 2 O, e xtr a cti v e t ot al w at er ( p p m v) 1 9 0 – 2 3 5 K 1 s ± 5 %  T D L A S at 1. 3 7 µ m, 3 0. 3 m o pti c al p at h
( L a u er, 2 0 0 7; S kr ot z ki, 2 0 1 2)

w el as 1 I c e cr yst al n u m b er d e nsit y ( c m − 3 ) 0. 3 – 4 6 µ m 5 s ± 2 0 %  O pti c al p arti cl e c o u nt er, P A L A S 2 0 0 0
( B e n z et al., 2 0 0 5)

titi es t h at t h e y m e as ur e, a n d t h eir ass o ci at e d m e as ur e m e nt
r a n g es a n d u n c ert ai nti es is gi v e n i n Ta bl e 1. Wat er v a-
p or w as m e as ur e d vi a t u n a bl e di o d e l as er a bs or pti o n s p e c-
tr os c o p y ( T D L A S) s a m pli n g dir e ctl y wit hi n t h e c h a m b er
v ol u m e. Si n gl e- p ass AI D A P h ysi k alis c h- C h e mis c h es I nsti-
t ut i n Cl o u d T D L ( S P- A Pi c T) ( S kr ot z ki et al., 2 0 1 3) w as
us e d f or w at er v a p or m e as ur e m e nts i n d e ns e cl o u ds at w ar m
t e m p er at ur es ( 2 1 of 4 8 e x p eri m e nts), as its si n gl e- p ass c o n-
fi g ur ati o n r e d u c es att e n u ati o n d u e t o b a c ks c att eri n g fr o m
i c e cr yst als. T h e C hi c a g o Wat er Is ot o p e S p e ctr o m et er ( C hi-

WI S) ( S ar k o z y et al., 2 0 2 0) w as us e d t o m e as ur e w at er v a-
p or at l o w t e m p er at ur es, as its l o n g er p at h l e n gt h gi v es b ett er
pr e cisi o n b el o w 2 0 5 K. AI D A P CI e xtr a cti v e T D L ( A P e T)
( L a u er, 2 0 0 7) m e as ur e d t ot al w at er ( v a p or pl us i c e) vi a e x-
tr a cti o n t hr o u g h a h e at e d i nl et. Wat er v a p or i nstr u m e nts us e d
i n t his c a m p ai g n w er e t est e d d uri n g t h e A q u a VI T-II w at er v a-
p or i nstr u m e nt i nt er- c o m p aris o n c a m p ai g n a n d w er e s h o w n
t o a gr e e wit hi n ± 2 .5 % p er c e nt ( S ar k o z y et al., 2 0 2 0). S P-
A Pi c T a n d A Pi c T w er e als o pr e vi o usl y e v al u at e d d uri n g t h e
A q u a VI T-I c a m p ai g n ( F a h e y et al., 2 0 1 4).
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T a bl e 2. Is o Cl o u d 4 e x p eri m e nts. S u m m ar y of c o n diti o ns d uri n g e x p a nsi o n e x p eri m e nts. E x p eri m e nts 1 2, 1 8, 2 8, 3 4, 3 9, a n d 4 4 w er e
r ef er e n c e p u m p d o w ns ( wit h n o a er os ols i ntr o d u c e d i nt o t h e c h a m b er) a n d ar e n ot s h o w n.

E x p.  A er os ol T 0 T  p 0 p  w eff r v ,0 r v ,0 S i C C N R K n

( K) ( K) ( h P a) ( h P a) ( c m s− 1 ) ( p p m v) ( %) ( m a x) ( m a x) ( µ m)

1  A T D 2 3 4 7. 8 2 9 9 6 5 − 3 7 0 3 8 0 3 9 1. 2 1 2 0. 7
2  A T D 2 3 3 6. 5 3 0 0 1 0 0 − 1 3 0 3 6 6 1 7. 7 1. 2 4 8. 7 5. 2 – 1 0. 4 0. 0 4 – 0. 1 7
3  A T D 2 3 3 6. 4 3 0 0 1 0 1 − 1 2 0 3 7 7 2 8. 6 1. 0 3 3 9. 4 4. 1 – 6. 4 0. 0 6 – 0. 1 2
4  A T D 2 3 3 9. 1 3 0 0 1 3 1 − 1 3 0 3 7 5 3 8. 2 1. 2 1 4 4. 0 4. 4 – 6. 3 0. 0 5 – 0. 6 4
5  A T D 2 3 3 9. 1 3 0 0 1 3 2 − 1 8 0 3 8 7 4 3. 8 1. 0 5 5 1. 9 5. 1 – 6. 3 0. 0 6 – 0. 2 3

6  A T D 2 2 3 6. 6 3 0 0 7 1 − 1 7 0 1 1 3 2 9 1. 2 7 1 1. 1 1. 6 – 6. 8 0. 0 5 – 0. 1 7
7  A T D 2 2 3 6. 4 2 3 4 6 4 − 1 4 0 1 4 7 3 5. 3 1. 0 3 9 3. 2 2. 8 – 3. 8 0. 1 0 – 0. 1 3
8  A T D 2 2 3 8. 7 3 0 0 1 3 1 − 2 0 0 1 1 4 4 6. 4 1. 0 4 7 5. 0 3. 7 – 4. 3 0. 0 7 – 0. 1 1
9  A T D 2 2 3 6. 0 3 0 0 7 1 − 1 6 0 1 1 4 3 0. 7 1. 1 2 7 0. 4 3. 0 – 4. 5 0. 0 8 – 0. 4 3
1 0  A T D 2 2 3 5. 5 2 3 1 6 2 − 1 3 0 1 4 7 2 9. 7 1. 1 7 5. 4 2. 9 – 4. 3 0. 1 1 – 0. 6 1
1 1  A T D 2 2 3 8. 9 3 0 0 1 5 0 − 1 8 0 1 1 5 4 7. 3 1. 0 3

1 3  A T D 2 1 3 5. 3 2 3 4 6 4 − 1 3 0 4 0. 6 3 3. 1 1. 0 6 3 5 1. 2 1. 0 – 1. 6 0. 2 7 – 0. 8 3
1 4  A T D 2 1 3 8. 4 3 0 0 1 3 7 − 1 6 0 3 0. 9 4 6. 8 1. 0 4 4 8 9. 9 1. 0 – 1. 6 0. 1 1 – 0. 6 1
1 5  A T D 2 1 3 5. 6 3 0 0 7 1 − 1 6 0 3 1. 1 6 3. 4 1. 0 4 4 0 3. 2 1. 0 – 1. 5 0. 1 7 – 0. 5 6
1 6  A T D 2 1 3 5. 4 2 3 4 6 4 − 1 4 0 3 9. 9 3 2. 1 1. 0 3 4 5 5. 3 1. 0 – 1. 5 0. 3 0 – 1. 3 9
1 7  A T D 2 1 3 8. 4 3 0 0 1 3 0 − 1 5 0 3 1. 1 4 8. 3 1. 0 4 5 9 2. 1 1. 0 – 1. 5 0. 2 4 – 1. 8 1

1 9  A T D 1 9 4 5. 2 3 0 0 7 1 − 1 2 0 1. 7 8 2. 2 1. 8 7 4. 3 1. 5 – 2. 0 0. 1 3 – 0. 1 9
2 0  A T D 1 9 4 4. 8 2 3 9 7 0 − 9 0 2. 1 3 3 6. 2 1. 4 6 2 1 8. 2 0. 5 – 0. 9 0. 1 2 – 1. 2 2
2 1  A T D 1 9 4 7. 6 3 0 0 1 3 1 − 1 2 0 1. 7 5 3. 9 1. 6 0 3 0 2. 3 0. 6 – 0. 8 0. 2 2 – 1. 8 3
2 2  A T D 1 9 4 7. 4 3 0 0 1 3 1 − 1 2 0 1. 6 7 5 1. 5 1. 6 2 1 9 6. 6 0. 6 – 0. 9 0. 0 5 – 8. 4 4
2 3  A T D 1 9 4 7. 0 2 5 0 8 1 − 1 8 0

2 4  A T D 2 0 4 5. 4 3 0 4 7 4 − 1 3 0 2 1 8. 9 0. 8 – 1 3 0. 0 7 – 0. 3 5
2 5  A T D 2 0 4 4. 9 2 3 3 6 3 − 1 0 0 9. 9 8 2 7. 8 1. 2 1 9 3. 4 0. 4 – 1. 2 0. 1 6 – 1. 2 8
2 6  A T D 2 0 4 8. 0 3 0 0 1 3 1 − 1 3 0 7. 7 2 4 9 1. 2 7 3 5 1. 6 0. 5 – 1. 1 0. 0 6 – 2. 1 7
2 7  A T D 2 0 4 8. 1 3 0 0 1 3 1 − 1 6 0 7. 5 8 4 8. 4 1. 0 7 3 7 2. 9 0. 8 – 1. 1 0. 2 5 – 0. 3 4

2 9 S A 1 9 4 6. 5 2 3 5 6 6 − 1 4 0 2. 0 4 1 3. 2 1. 8 4 1 4. 9 1. 4 – 3. 5 0. 0 4 – 7. 6 1
3 0 S A 1 9 4 7. 6 3 0 0 1 3 1 − 1 4 0 1. 6 5 5 3. 4 1. 8 8 6 4. 5 0. 6 – 2. 0 0. 1 2 – 0. 4 0
3 1 S A 1 9 4 7. 5 3 0 0 1 3 1 − 1 5 0 1. 7 8 5 3. 3 1. 9 5 4 0. 3 0. 8 – 1. 5 0. 1 4 – 0. 5 6
3 2  A T D – S A 1 9 4 7. 6 3 0 0 1 3 1 − 1 4 0 1. 7 4 5 8. 7 1. 3 4 1 2 1. 2 0. 9 – 1. 1 0. 0 7 – 7. 4 9
3 3  A T D – S A 1 9 4 7. 6 3 0 0 1 3 9 − 1 2 0 1. 5 5 6 0. 4 1. 3 4 2 5 9. 2 0. 8 – 1. 5 0. 1 5 – 0. 4 0

3 5 S O A 1 8 9 7. 3 3 0 5 1 3 7 − 1 4 0 0. 7 3 6 0. 9 1. 8 8 4 6. 8 1. 0 – 1. 8 0. 0 7 – 5. 2 8
3 6 S O A – H N O 3 1 8 9 7. 3 3 0 2 1 3 4 − 1 5 0 0. 5 8 0. 2 6 1. 9 5
3 7 S O A – H N O 3 1 8 9 7. 2 3 0 1 1 3 2 − 1 4 0 0. 7 9 0. 4 7 1. 3 4 2 5 8. 9 0. 8 – 1. 0 0. 1 9 – 2 2. 4 7
3 8 S O A – H N O 3 1 8 9 7. 0 3 0 1 1 3 5 − 1 2 0 0. 7 2 0. 3 2 1. 3 4 6 0. 6 0. 9 – 1. 2 0. 0 8 – 1 6. 9 6

4 0  A T D 2 2 4 7. 6 2 3 4 6 5 − 1 2 0 1 2 9 1 4. 8 1. 1 8 9. 3 3. 1 – 5. 0 0. 0 4 – 3. 3 1
4 1  A T D 2 2 4 8. 9 3 0 0 1 3 4 − 2 4 0 1 0 3 3 1. 4 1. 2 4 1 7. 2 4. 0 – 6. 1 0. 0 7 – 0. 0 9
4 2  A T D 2 2 4 8. 4 3 0 0 1 3 0 − 1 6 0 1 2 1 4 4 1. 2 3 1 5. 8 3. 6 – 6. 5 0. 0 6 – 0. 0 8
4 3  A T D 2 2 4 8. 5 3 0 0 1 3 0 − 1 3 0 1 2 8 4 0. 3 1. 1 2 1 7. 2 3. 2 – 6. 3 0. 0 6 – 0. 0 8

4 5 S A 2 0 5 8. 3 3 0 0 1 3 4 − 1 4 0 7. 7 9 3 4 1. 4 5 1 8. 3 1. 6 – 2. 9 0. 1 2 – 0. 1 7
4 6  A T D – S A 2 0 4 5. 5 3 0 1 7 4 − 1 3 0 8. 3 2 3 4 1. 2 1 7 9. 8 0. 8 – 1. 3 0. 0 4 – 9. 8 9
4 7  A T D – S A 2 0 4 5. 2 2 3 3 6 4 − 1 2 0 1 0. 1 2 7. 2 1. 1 7 1 7 7. 2 0. 4 – 1. 2 0. 0 3 – 1 8. 1 6
4 8  A T D – S A 2 0 4 7. 6 3 0 1 1 3 2 − 1 5 0 8. 0 6 4 8. 5 1. 1 2 2 9 2. 8 0. 9 – 1. 2 0. 1 5 – 1. 0 7
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U n c ert ai nti es i n t h e m ass mi xi n g r ati o f or T D L A S m e a-
s ur e m e nts ar e g e n er all y a c o m bi n ati o n of eff e cts d u e t o t h e
i ntri nsi c pr e cisi o n of t h e i nstr u m e nt a n d ot h er o bs er v a bl es, as
w ell as s yst e m ati c, m ulti pli c ati v e offs ets d u e t o t h e m ol e c u-
l ar s p e ctr al li n e p ar a m et ers. T h e C hi WI S i nstr u m e nt’s t y pi c al
pr e cisi o n of 2 2 p p b v i n H 2 O c orr es p o n ds t o r el ati v e pr e ci-
si o ns of 5 % at 0. 4 5 p p m v a n d 0. 0 2 % at 1 0 0 p p m v f or 1 H z
m e as ur e m e nts. I n t h e Is o Cl o u d c a m p ai g ns, s yst e m ati c er-
r ors d u e t o u n c ert ai nti es i n s p e ctr al li n e p ar a m et ers ar e a b o ut
3 % a cr oss all e x p eri m e nts, a n d s yst e m ati c bi as es a n d u n-
c ert ai nti es r el at e d t o t h e i nstr u m e nt a n d its s et u p c o ntri b ut e
a n ot h er 1. 3 %. B ot h A P e T a n d S P- A Pi c T us e t h e s a m e s p e c-
tr al li n es t o d et er mi n e w at er mi xi n g r ati os. F or c o nsist e n c y,
t o a c c o u nt f or diff er e n c es d u e t o s p e ctr al li n e str e n gt h er-
r ors, A P e T a n d S P- A Pi c T w er e s c al e d u p b y 1. 5 % t o m at c h
C hi WI S ( Cl o us er et al., 2 0 2 0; S ar k o z y et al., 2 0 2 0). T o d et er-
mi n e i c e w at er (s u btr a cti n g t ot al w at er fr o m A P e T b y w at er
v a p or fr o m eit h er S P- A Pi c T or C hi WI S), a n y a d diti o n al off-
s ets b ef or e t h e st art of p u m pi n g w er e s u btr a ct e d s o t h at i niti al
i c e w at er w as ass u m e d t o b e 0. A d diti o n al i nf or m ati o n a b o ut
t h e o pti c al m e as ur e m e nts m a d e i n AI D A is gi v e n i n Wa g n er
et al. ( 2 0 0 9). D at a f or e a c h e x p a nsi o n e x p eri m e nt w er e s y n-
c hr o ni z e d t o t h e st art of p u m pi n g. A P e T w as ass u m e d t o h a v e
a 1 7 s offs et ti m e ( as w as pr e vi o usl y m e as ur e d i n S kr ot z ki
et al. ( 2 0 1 3) b y l o o ki n g at ti m e diff er e n c es b et w e e n w h e n i n
sit u a n d e xtr a cti v e h y gr o m et ers m e as ur e d a s u d d e n c h a n g e i n
w at er v a p or i nsi d e AI D A).

4  M o d eli n g d e p o siti o n al i c e gr o wt h i n AI D A

I n cl o u ds, d e p ositi o n al i c e gr o wt h c a n o c c ur i n t hr e e disti n ct
r e gi m es d e p e n di n g o n t h e gr o wt h-r at e-li miti n g pr o c ess es:
v a p or diff usi o n li mit e d, s urf a c e diff usi o n ( e. g., ki n eti c all y)
li mit e d, or h e at c o n d u cti o n li mit e d ( K ur o d a a n d L a c m a n n,
1 9 8 2; N els o n a n d B a k er, 1 9 9 6). G e n er all y h e at- c o n d u cti o n-
li mit e d gr o wt h is ass u m e d t o i m p a ct w ar m mi x e d- p h as e
cl o u ds, v a p or- diff usi o n-li mit e d gr o wt h i m p a cts c ol d mi x e d-
p h as e cl o u ds, a n d s urf a c e diff usi o n pr o c ess es m a y b e t h e li m-
iti n g gr o wt h pr o c ess i n p ur e i c e cl o u ds, as w e c o nsi d er h er e
( N els o n a n d B a k er, 1 9 9 6; Gi er e ns et al., 2 0 0 3).

T h e K n u ds e n n u m b er ( K n ) h as oft e n b e e n us e d t o e v al u at e
w h et h er i c e gr o wt h o c c urs i n t h e ki n eti c li mit ( w h er e gr o wt h
r at es ar e e x p e ct e d t o b e s urf a c e diff usi o n li mit e d, K n 1) or
t h e c o nti n u u m li mit ( w h er e t h e y c a n g e n er all y b e n e gl e ct e d,
K n 1) ( Pr u p p a c h er a n d Kl ett., 1 9 9 7). K n is a di m e nsi o n-
l ess n u m b er gi v e n b y

K n =
λ w

R
, ( 5)

w h er e λ w is t h e m e a n fr e e p at h of w at er m ol e c ul es i n air,
a n d R is t h e p arti cl e r a di us. H o w e v er, K n d o es n ot pr o-
vi d e e n o u g h i nf or m ati o n t o ass ess w h et h er gr o wt h r at es of
f a c ett e d i c e ar e s urf a c e diff usi o n li mit e d. B e c a us e t h e d e-
p ositi o n c o ef fi ci e nt ( E q. 3) v ari es as a f u n cti o n of s l o c al, i c e
gr o wt h m a y n ot b e si g ni fi c a ntl y li mit e d b y s urf a c e eff e cts

e v e n i n t h e c o nti n u u m li mit, if s l o c al s crit . T h e r el ati v e
ki n eti c- t o diff usi o n-li mit e d gr o wt h r at e as a f u n cti o n of K n
d e p e n ds str o n gl y o n t h e s urf a c e m e c h a nis m ( e. g., as s h o w n
i n Fi g. 1 4 of H arris o n et al., 2 0 1 6). I n t h e c as e of disl o c ati o n
gr o wt h, K n still g e n er all y pr e di cts t h e i c e gr o wt h r e gi m es,
b ut f or 2 D l e d g e n u cl e ati o n, i c e gr o wt h c a n b e si g ni fi c a ntl y
s u p pr ess e d e v e n i n t h e c as e w h er e K n 1.

I n Ta bl e 2, w e s h o w t h at t h e Is o Cl o u d e x p eri m e nts h a v e
a v er a g e K n u ds e n n u m b ers r a n gi n g fr o m ∼ 0 .0 1 t o 1 0, s u g-
g esti n g t h at t h e m aj orit y of i c e gr o wt h i n AI D A o c c urs i n a
tr a nsiti o n al r e gi m e w h er e K n ∼ 1. T h e K n u ds e n n u m b er is
esti m at e d fr o m t h e a v er a g e r a di us ( R ) of t h e i c e cr yst als d ur-
i n g t h e e x p eri m e nts. T h e a v er a g e m ass of e a c h i c e cr yst al
is esti m at e d fr o m t h e t ot al i c e w at er c o nt e nt a n d t h e n u m-
b er c o n c e ntr ati o n of i c e c o u nt e d b y t h e O P Cs. We d et er-
mi n e R b y ass u mi n g i c e cr yst als ar e s p h eri c al, wit h a d e n-
sit y i n g c m − 3 gi v e n b y ρ i c e(T ) = p 0 − p 1 T − p 2 T

2 , wit h
p 0 = 0 .9 1 6 7, p 1 = 1 .7 5 × 1 0 4 , a n d p 2 = 5 × 1 0 − 7 , w h er e T
is i n C elsi us ( Pr u p p a c h er a n d Kl ett., 1 9 9 7). T h e u n c ert ai nt y
i n a v er a g e i c e cr yst al si z e is esti m at e d t o b e ± 3 0 % b as e d o n
t h e c o m bi n e d u n c ert ai nti es i n t ot al i c e w at er c o nt e nt ( 2× 5 %)
a n d i c e cr yst al n u m b er c o n c e ntr ati o n ( 2 0 %) (s e e Ta bl e 1).
Si n c e i c e n u cl e at es o v er ∼ 3 0 s, i c e cr yst als gr o wi n g i n AI D A
h a v e a distri b uti o n of diff er e nt si z es, s o t his a v er a g e r a di us
is o nl y a n a p pr o xi m ati o n, a n d t h er e ar e li k el y i c e cr yst als
t h at ar e b ot h s m all er a n d l ar g er t h a n t his a v er a g e i n e a c h e x-
p eri m e nt. I n a d diti o n t o a distri b uti o n of diff er e nt m ass es,
i c e cr yst als i n AI D A h a v e pr e vi o usl y b e e n o bs er v e d t o h a v e
a distri b uti o n of p arti cl e h a bits d uri n g a si n gl e e x p eri m e nt,
wit h a mi xt ur e of s oli d a n d h oll o w c ol u m ns a n d r os ett es o b-
s er v e d i n e x p a nsi o n e x p eri m e nts at 2 1 8 K ( S c h n ait er et al.,
2 0 1 6).

T o q u a ntit ati v el y e x pl or e s urf a c e ki n eti cs eff e cts d uri n g
i c e gr o wt h i n AI D A, w e us e t h e L a gr a n gi a n p ar c el m o d el
wit h a bi n mi cr o p h ysi c al s c h e m e pr e vi o usl y d es cri b e d i n
Z h a n g a n d H arri n gt o n ( 2 0 1 5). T his p ar c el m o d el us es t h e
Di S KI C E m o d el t o d et er mi n e t h e r at e of v a p or diff usi o n t o
t h e gr o wi n g i c e cr yst als, u n d er diff er e nt ass u m pti o ns f or t h e
d e p ositi o n c o ef fi ci e nt f u n cti o n, as d es cri b e d i n S e ct. 2.

A d a pt ati o n of p ar c el m o d el t o AI D A c h a m b er

L a gr a n gi a n p ar c el m o d els t y pi c all y ass u m e t h e m ass of w at er
is c o ns er v e d b et w e e n v a p or, i c e, a n d li q ui d p h as es, a n d h e at
is c o ns er v e d d uri n g a di a b ati c c o oli n g. T h e AI D A c h a m b er is
n ot i n f a ct a cl os e d s yst e m, as t h er e is a h e at fl u x t hr o u g h
t h e al u mi n u m c h a m b er w alls ( 2 c m t hi c k, m ai nt ai n e d at a
c o nst a nt t e m p er at ur e) a n d a r es er v oir of w at er fr o m i c e c o n-
d e ns e d o n t h e c h a m b er w alls. AI D A e x p a nsi o n e x p eri m e nts
c a n b e c o nsi d er e d ps e u d o- a di a b ati c, h o w e v er. I c e gr o wt h
d uri n g e x p a nsi o n e x p eri m e nts i n AI D A o c c urs i n t hr e e dis-
ti n ct p h as es: a n i niti al n u cl e ati o n p h as e, a d e p ositi o n p h as e,
a n d a s u bli m ati o n p h as e. T h e n u cl e ati o n p h as e s ets t h e c o n-
diti o n of s u p ers at ur ati o n d uri n g t h e d e p ositi o n p h as e, d e p e n-
d e nt o n t h e a v ail a bilit y a n d t y p e of i c e n u cl ei. I c e gr o wt h
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vi a d e p ositi o n o c c urs w hil e c o oli n g is o n g oi n g, a n d o n c e t h e
p u m ps h a v e b e e n t ur n e d off, t h e i c e s u bli m at es as t h e h e at
fl u x t hr o u g h t h e c h a m b er w alls w ar ms t h e g as i nsi d e.

T o a d a pt t h e p ar c el m o d el t o t h e AI D A cl o u d c h a m-
b er e x p eri m e nts, a v a p or t e n d e n c y t er m w as a d d e d t o t h e
m o d el t o i n cl u d e t h e s o ur c e of w at er v a p or fr o m t h e c h a m b er
w alls. T his v a p or t e n d e n c y t er m is esti m at e d b y ass u mi n g t h e
c h a n g e i n t ot al m e as ur e d w at er ( g as pl us c o n d e ns at e p h as es)
is d u e t o t h e fl u x of w at er fr o m t h e c h a m b er w alls. I c e cr ys-
t als > 7 µ m ar e n ot s a m pl e d wit h 1 0 0 % ef fi ci e n c y, s o t his
m a y h o w e v er b e a n u n d er esti m at e ( C ott o n et al., 2 0 0 7). T h e
i n cl usi o n of t his t er m si g ni fi c a ntl y i m pr o v es m at c hi n g b e-
t w e e n t h e m o d el a n d o bs er v ati o ns, p arti c ul arl y i n t h e l att er
p art of e a c h e x p eri m e nt w h e n v a p or fl u x fr o m t h e w alls c a n
b e si g ni fi c a nt.

F or e a c h e x p eri m e nt, t h e p ar c el m o d el is i niti at e d wit h t h e
o bs er v e d t e m p er at ur e, pr ess ur e, a n d i c e n u m b er c o n c e ntr a-
ti o n ( Fi g. 5). Si n c e t h e O P Cs h a v e a 5 s r es ol uti o n (s e e Ta-
bl e 1), w e us e t h e l e a di n g ei g e n m o d es fr o m a si n g ul ar s p e c-
tr u m a n al ysis ( Va ut ar d a n d G hil, 1 9 8 9) o n t h e r a w ti m e s e-
ri es t o r e c o nstr u ct t h e ti m e e v ol uti o n of t h e i c e n u m b er d e n-
sit y, as w as pr e vi o usl y d o n e i n L a m b et al. ( 2 0 1 7). T h e i niti al
R H i m e as ur e d b y t h e T D L i nstr u m e nts is us e d t o i niti at e t h e
m o d el. I n t h e p ar c el m o d el, t h e bi n mi cr o p h ysi c al s c h e m e di-
vi d es t h e i c e s p e ctr u m i nt o n i bi ns, wit h t h e n u m b er of bi ns
v ar yi n g wit h t h e n u cl e ati o n r at e ( u p t o a m a xi m u m of 1 0 0 0
bi ns). F or t h e AI D A e x p eri m e nts, w e ass u m e t h at n u cl e ati o n
h a p p e ns i n a li n e ar f as hi o n w hil e t h e c o n c e ntr ati o n of i c e i n a
v ol u m e of air is i n cr e asi n g ( as o bs er v e d b y i c e p arti cl e n u m-
b er c o n c e ntr ati o ns fr o m t h e O P Cs). Aft er n u cl e ati o n, t h e i c e
s p e ctr u m e v ol v es b y s ol vi n g t h e v a p or diff usi o n e q u ati o ns f or
t h e gr o wt h of t h e n i i c e bi ns at e a c h ti m e st e p usi n g t h e v ari-
a bl e or di n ar y diff er e nti al e q u ati o n p a c k a g e ( V O D E; Br o w n
et al., 1 9 8 9). C h a n g es i n t e m p er at ur e a n d pr ess ur e ar e d e-
t er mi n e d dir e ctl y fr o m t h e e x p eri m e nt all y o bs er v e d t e m p er-
at ur e a n d pr ess ur e c h a n g es i n AI D A, w hil e s at ur ati o n wit h
r es p e ct t o i c e is c al c ul at e d i n t h e m o d el. T h e m o d el ass u m es
t h e t e m p er at ur e a n d pr ess ur e d e p e n d e n c e f or t h e v a p or diff u-
si o n c o ef fi ci e nt D v a c c or di n g t o t h e C h a p m a n – E ns k o g t h e-
or y as gi v e n i n S ei nf el d a n d P a n dis ( 2 0 1 6), a n d t h e t e m p er-
at ur e d e p e n d e n c e of s at ur ati o n wit h r es p e ct t o i c e ass u m es
t h e p ar a m et eri z ati o n i n M ur p h y a n d K o o p ( 2 0 0 5). T h e p ar c el
m o d el si m ul at es i c e a n d w at er v a p or, as all e x p eri m e nts w er e
p erf or m e d at t e m p er at ur es b el o w t h e h o m o g e n e o us fr e e zi n g
li mit of w at er ( a n d t h us w e ass u m e t h at li q ui d w at er w o ul d
n ot b e pr es e nt i n si g ni fi c a nt q u a ntiti es).

Si n c e t h e i c e n u m b er c o n c e ntr ati o n d uri n g t h e c o oli n g
p h as e aft er n u cl e ati o n is o bs er v e d t o d e cr e as e, w e i nf er t h at
s o m e i c e cr yst als ar e l ost t o s e di m e nt ati o n or t o t h e w alls
of t h e c h a m b er. H o w e v er, it is n ot str ai g htf or w ar d t o esti-
m at e t h e f all s p e e ds of t h es e i c e cr yst als i n or d er t o c al c ul at e
s e di m e nt ati o n r at es f or e a c h of t h e n i bi ns. We i nst e a d a c-
c o u nt f or t his i c e p arti cl e l oss b y r es c ali n g t h e n u m b er of i c e
cr yst als i n e a c h of t h e n i bi ns s o t h at t h e t ot al n u m b er of i c e
cr yst als s u m m e d o v er all bi ns is e q u al t o t h at o bs er v e d b y

t h e O P Cs at t h at ti m e st e p. T h e s h a p e of t h e i c e distri b uti o n
f u n cti o n r e m ai ns u n c h a n g e d aft er t his r es c ali n g. Si n c e t his
ass u m pti o n w o ul d r e m o v e i c e cr yst als a cr oss si z e bi ns at t h e
s a m e r at e, r at h er t h a n pr ef er e nti all y r e m o vi n g l ar g er i c e cr ys-
t als ( as mi g ht b e e x p e ct e d f or s e di m e nt ati o n or w all l oss es),
t his r e pr es e nts a c o ns er v ati v e esti m at e t h at m a y l e a d t o t h e
m o d el e d I W C b ei n g bi as e d sli g htl y hi g h. A hi g h bi as i n I W C
w o ul d l e a d t o a n u n d er pr e di cti o n of t h e d e p ositi o n c o ef fi ci e nt
w h e n m at c hi n g t h e m o d el a g ai nst t h e o bs er v ati o ns.

T h e m o d el si m ul at es t h e c o oli n g p h as e of t h e e x p eri m e nts
w hil e t h e pr ess ur e is d e cr e asi n g, s o as t o m o d el o nl y d e p osi-
ti o n r at h er t h a n s u bli m ati o n. I n m ost c as es, t h e s u bli m ati o n
p h as e c a n b e fit c o nsist e ntl y as w ell, s u g g esti n g t h at si mil ar
p h ysi cs ar e at pl a y as m ol e c ul es d es or b fr o m t h e i c e. D e-
p e n di n g o n t h e l e n gt h of ti m e t h at t h e p u m ps w er e o n i n
e a c h e x p eri m e nt, t h e L a gr a n gi a n p ar c el m o d el si m ul at es b e-
t w e e n 2 3 3 – 7 3 0 s. We e x cl u d e E x p. 1 8 ( w h er e t h er e w as n o
d at a f or s e v er al of t h e i nstr u m e nts); t w o e x p eri m e nts wit h
v er y l o w I W C ( E x p. 1 9, w h er e I W C w as < 0 .4 p p m v a n d
E x p. 2 9 w h er e I W C w as < 1 .2 p p m v); t hr e e e x p eri m e nts
at 1 8 9 K ( E x p. 3 6 – 3 8) w h er e A P e T h a d a si g ni fi c a nt offs et
fr o m C hi WI S pri or t o t h e e x p eri m e nts, s u g g esti n g i c e m a y
h a v e f or m e d n e ar t h e e xtr a cti v e i nl et; a n d o n e e x p eri m e nt
( E x p. 3 9) wit h v er y l o w I N c o n c e ntr ati o ns (< 1 p er c m 3 ).

5  M o d el r e s ult s u n d er diff er e nt a s s u m pti o n s f or

s urf a c e ki n eti c eff e ct s

T o i n v esti g at e t h e s e nsiti vit y of d e p ositi o n al gr o wt h r at es i n
AI D A t o t h e p ar a m et eri z ati o n f or t h e d e p ositi o n c o ef fi ci e nt
f u n cti o n α D , w e p erf or m e d s e v er al diff er e nt si m ul ati o ns wit h
t h e p ar c el m o d el ass u mi n g diff er e nt m o d els of α D dis c uss e d
i n S e ct. 2. Si n c e i c e cr yst als ar e s m all (< 2 0 µ m, Ta bl e 2),
h er e w e ass u m e t h at cr yst als h a v e n ot y et d e v el o p e d disti n c-
ti v e h a bits; i. e., w e ass u m e t h at t h e d e p ositi o n c o ef fi ci e nts of
t h e a a n d c a x es of t h e cr yst als ar e t h e s a m e, a n d t h us w e d o
n ot i n v esti g at e m o d els w h er e α a

D diff ers fr o m α c
D . We s u m-

m ari z e t h es e si m ul ati o ns b el o w:

– We v ar y α D as a c o nst a nt v al u e ( E q. 2), S e ct. 5. 1.

– We v ar y α D ass u mi n g t h e u p d at e d t e m p er at ur e d e p e n-
d e n c e of s crit fr o m H arri n gt o n et al. ( 2 0 1 9) a n d i n-
v esti g at e diff er e nt s urf a c e gr o wt h m e c h a nis ms ( Fi g. 2),
S e ct. 5. 2.

– We v ar y α D ass u mi n g disl o c ati o n gr o wt h ( m = 1), u n-
d er t h e ass u m pti o n of v ari o us t e m p er at ur e- d e p e n d e nt
p ar a m et eri z ati o ns f or s crit ( Fi g. 3), S e ct. 5. 2.

Si m ul ati o ns of e x p eri m e nts p erf or m e d i n t h e s a m e t e m p er a-
t ur e r a n g e a n d wit h t h e s a m e I N d e m o nstr at e d si mil ar bi as es
wit h r es p e ct t o t h es e m o d els. We dis c uss d et ail e d c o m p ar-
is o ns of m o d els a n d o bs er v ati o ns b el o w.

At m o s. C h e m. P h y s., 2 3, 6 0 4 3 – 6 0 6 4, 2 0 2 3 htt p s:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 2 3- 6 0 4 3- 2 0 2 3



K. D. L a m b et al.: R e- e v al u ati n g cl o u d c h a m b er c o n str ai nt s – P art 1 6 0 5 3

5. 1  S e n siti vit y t o s urf a c e ki n eti c eff e ct s ( α D = c o n st.)

We first i n v esti g at e d t h e a v er a g e ef fi ci e n c y of i c e gr o wt h b y
c o m p ari n g it wit h diff er e nt c o nst a nt v al u es f or α D t o s e e if
e ns e m bl e i c e gr o wt h i n t h es e c o n diti o ns c a n i n g e n er al b e
m o d el e d wit h a c o nst a nt d e p ositi o n c o ef fi ci e nt, as w as as-
s u m e d i n S kr ot z ki et al. ( 2 0 1 3), a n d if it h as b e e n a t y pi-
c al ass u m pti o n us e d i n cl o u d m o d els. B y r u n ni n g t h e p ar c el
m o d el wit h α D v al u es of 1. 0, 0. 2, 0. 1, 0. 0 1, a n d 0. 0 0 1, w e
i n v esti g at e d t h e d e p e n d e n c e of t h e i c e gr o wt h r at es o n t h e
d e p ositi o n c o ef fi ci e nt.

Fi g ur e 5 s h o ws e x a m pl es of t h e p ar c el m o d el r es ults f or
t hr e e e x p eri m e nts p erf or m e d usi n g A T D t o n u cl e at e i c e h et-
er o g e n e o usl y a cr oss a r a n g e of t e m p er at ur es ( E x p. 4, T =
2 3 0 K, l eft c ol u m n; E x p. 1 5, T = 2 1 0 K, mi d dl e c ol u m n;
a n d E x p. 2 1, T = 1 9 0 K, ri g ht c ol u m n). T h e t o p t hr e e p a n-
els i n e a c h c ol u m n ar e t h e o bs er v e d t e m p er at ur e, pr ess ur e,
a n d i c e n u m b er c o n c e ntr ati o n, w hi c h ar e us e d as i n p uts t o
t h e p ar c el m o d el (t h e p orti o n of t h e e x p eri m e nt t h at is m o d-
el e d is s h o w n as a d as h e d r e d li n e i n e a c h c as e). T h e f o urt h
a n d fift h p a n els i n e a c h c ol u m n ar e o bs er v e d I W C a n d S i,
r es p e cti v el y, vs. t h e m o d el r es ults u n d er diff er e nt ass u m p-
ti o ns f or a c o nst a nt d e p ositi o n c o ef fi ci e nt. T h e si xt h p a n el
s h o ws t h e ti m e- d e p e n d e nt v al u e of t h e d e p ositi o n c o ef fi ci e nt
f or e a c h si m ul ati o n (i n t his c as e, it is c o nst a nt w hil e i c e is
pr es e nt). I n g e n er al, t h e p ar c el m o d el ass u mi n g a c o nst a nt
d e p ositi o n c o ef fi ci e nt a gr e e d b est wit h o bs er v ati o ns at hi g h er
t e m p er at ur es a n d d e m o nstr at e d t h e m ost si g ni fi c a nt d e vi a-
ti o ns at l o w er t e m p er at ur es (< 2 0 5 K). E x p eri m e nts at 2 3 5 K
( E x p. 1 – 5) c o ul d b e c o nsist e ntl y m o d el e d wit h a c o nst a nt d e-
p ositi o n c o ef fi ci e nt. E x p eri m e nts at 2 2 4 K ( E x p. 7 – 1 1) als o
s h o w e d v er y g o o d a gr e e m e nt wit h t h e e x c e pti o n of t h e i niti al
n u cl e ati o n p h as e, w h er e I W C w as g e n er all y u n d er esti m at e d
a n d S i o v er esti m at e d b y t h e m o d el. We q u a ntif y t his f urt h er
i n S e ct. 5. 4.

D uri n g E x p. 4, t h er e w er e t w o s e p ar at e c h a n g es i n pr es-
s ur e (fr o m a p pr o xi m at el y 0 – 2 5 0 s a n d a g ai n fr o m 3 0 0 – 7 5 0 s
i n t h e l eft p a n el of Fi g. 5), w hi c h all o w e d s o m e of t h e i c e t o
i niti all y s u bli m at e a n d t h e n r e gr o w. T h e m o d el e d I W C a n d
S i a gr e e w ell wit h t h e hi g h er d e p ositi o n c o ef fi ci e nt m o d els
a cr oss b ot h p h as es of t h e e x p eri m e nt, i n di c ati n g t h at d e p o-
siti o n al gr o wt h a n d s u bli m ati o n c a n b e m o d el e d c o nsist e ntl y
i n t h es e c o n diti o ns. E x p. 4, si mil arl y t o a si g ni fi c a nt fr a cti o n
of t h e hi g h er-t e m p er at ur e e x p eri m e nts ( > 2 2 0 K) wit h h et-
er o g e n e o us n u cl e ati o n o n A T D, s h o w e d v er y littl e s e nsiti vit y
t o α D f or v al u es > 0 .2.

E x p. 1 5 is a n ill ustr ati v e e x a m pl e of a n e x p eri m e nt at
2 1 0 K wit h i c e gr o wt h b y h et er o g e n e o us n u cl e ati o n o n A T D;
t h es e e x p eri m e nts ( E x p. 1 2 – 1 7) g e n er all y s h o w e d g o o d
a gr e e m e nt wit h t h e m o d el, alt h o u g h t h e I W C is o v er esti-
m at e d b y m o d els wit h α D f or v al u es > 0 .2, e v e n t h o u g h S i

is c o nsist e nt wit h t h e o bs er v ati o ns, p arti c ul arl y f or α D = 1.
E x p. 2 1 d e m o nstr at es t h e gr e at er d e vi ati o n of t h e m o d el

fr o m t h e o bs er v ati o ns at l o w er t e m p er at ur es; si mil ar b e h a v-
i or is o bs er v e d i n t h e ot h er e x p eri m e nts wit h A T D at t h es e

t e m p er at ur es ( E x p. 2 0, 2 2, 3 2, a n d 3 3). Ass u mi n g α D = 1
r es ults i n l o w er I W C i n s o m e c as es t h a n s m all er v al u es of
α D ( e. g., f or E x p. 2 1, t h e bl u e vs. gr e e n a n d y ell o w li n es i n
t h e f o urt h p a n el of t h e ri g ht c ol u m n i n Fi g. 5), as t h e v er y
ef fi ci e nt gr o wt h d e pl et e d t h e a v ail a bl e v a p or t o o q ui c kl y,
bri n gi n g t h e v a p or pr ess ur e b el o w s at ur ati o n a n d l e a di n g t o
a l o w er I W C aft er 2 0 0 s.

5. 2  M o d eli n g d e p o siti o n c o ef fi ci e nt wit h

p ar a m et eri z ati o n fr o m N el s o n a n d B a k er (1 9 9 6 )

We n e xt i n v esti g at e d i c e gr o wt h wit h a d e p ositi o n c o ef fi-
ci e nt p ar a m et eri z e d i n t er ms of a t e m p er at ur e- d e p e n d e nt crit-
i c al s u p ers at ur ati o n ( E q. 3), u n d er t h e ass u m pti o n of v ari-
o us gr o wt h m e c h a nis ms. I n a d diti o n t o u n c ert ai nt y a b o ut t h e
s urf a c e gr o wt h m e c h a nis m ( m i n E q. 3), t h e t e m p er at ur e-
d e p e n d e nt criti c al s u p ers at ur ati o n at t e m p er at ur es b el o w
2 3 3 K is n ot k n o w n. Pr e vi o us m e as ur e m e nts of criti c al s u-
p ers at ur ati o ns f or b as al a n d pris m f a c ets h a v e b e e n li mit e d
t o hi g h er t e m p er at ur es ( N els o n a n d K ni g ht, 1 9 9 8; Li b br e c ht,
2 0 0 3; H arris o n et al., 2 0 1 6; H arri n gt o n et al., 2 0 1 9). Gr o wt h
r at es a n d h a bits f or i c e at t e m p er at ur es b et w e e n 2 0 3 a n d
2 5 3 K w er e e x p eri m e nt all y m e as ur e d i n B ail e y a n d H all ett
( 2 0 0 4). E v e n at w ar m er t e m p er at ur es, t h es e m e as ur e m e nts
h a v e si g ni fi c a nt dis cr e p a n ci es b et w e e n t h e m (s e e Fi g. 3).
T h e f u n cti o n al f or m f or t h e criti c al s u p ers at ur ati o n ( s crit ) i n
t h e Di S KI C E m o d el at c ol d er t e m p er at ur es is n ot k n o w n, as
t h er e is n ot c o ns e ns us a b o ut t h e t h e or eti c al b asis f or t his criti-
c al s u p ers at ur ati o n y et ( B urt o n et al., 1 9 5 1; Li b br e c ht, 2 0 0 5).
T h e m e a n dis pl a c e m e nt of m ol e c ul es o n t h e s urf a c e of a cr ys-
t al is e x p e ct e d t o i n cr e as e at l o w t e m p er at ur es, w hi c h m e a ns
t h at s crit s h o ul d g e n er all y b e i n v ers el y c orr el at e d wit h t e m-
p er at ur e ( B urt o n et al., 1 9 5 1). T h e or eti c al v al u es ar e g e n-
er all y d eri v e d f or t h e c as e of i c e f or m ati o n fr o m p ur e w a-
t er v a p or, alt h o u g h c h e mi c al i m p uriti es a n d t h e e xist e n c e of
q u asi- dis or d er e d l a y ers c o ul d als o si g ni fi c a ntl y i m p a ct t h es e
v al u es ( Li b br e c ht, 2 0 0 5). M ulti pl e u n k n o w ns still r e m ai n i n
d et er mi ni n g a n a p pr o pri at e f u n cti o n al f or m of s crit f or d e-
p ositi o n al i c e gr o wt h i n t h e at m os p h er e, i n cl u di n g p ot e nti al
m o di fi c ati o ns r e q uir e d t o a c c o u nt f or t h e i m p a ct of n u cl e-
ati o n p at h w a y o n i c e f or m ati o n.

We i n v esti g at e t h e s e nsiti vit y of i c e gr o wt h i n AI D A t o t h e
s urf a c e gr o wt h m e c h a nis m b y v ar yi n g m ( e. g., disl o c ati o n
gr o wt h as m = 1, st a c ki n g-f a ult- d o mi n at e d gr o wt h as m = 3,
a n d 2 D l e d g e n u cl e ati o n as m = 1 5) a n d b y usi n g diff er e nt
p ar a m et eri z ati o ns f or t h e t e m p er at ur e d e p e n d e n c e of s crit .
Fi g ur e 6 s h o ws a c o m p aris o n b et w e e n o bs er v ati o ns a n d m o d-
els f or E x p. 4 0 ( T = 2 2 0 K, A T D) f or a c o nst a nt d e p ositi o n
c o ef fi ci e nt (l eft c ol u m n), diff er e nt ass u m pti o ns f or s urf a c e
gr o wt h m e c h a nis ms ( mi d dl e c ol u m n), a n d diff er e nt p ar a m e-
t eri z ati o ns f or s crit ass u mi n g disl o c ati o n gr o wt h ( m = 1, ri g ht
p a n el). W h e n v ar yi n g t h e s urf a c e gr o wt h m e c h a nis ms ( mi d-
dl e c ol u m n), w e ass u m e t h e t e m p er at ur e d e p e n d e n c e of s crit

d eri v e d fr o m H arri n gt o n et al. ( 2 0 1 9), as e x p eri m e nts w er e
g e n er all y m ost c o nsist e nt wit h t h e l o w er v al u es of t h e t e m-
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Fi g ur e 5. P ar c el m o d el r es ults f or diff er e nt c o nst a nt v al u es of α D . T hr e e e x p eri m e nts ar e s h o w n wit h diff er e nt v al u es f or c o nst a nt α D a cr oss
a r a n g e of t e m p er at ur es. T h e m o d el e d I W C i n e x p eri m e nt 4 ( T = 2 3 0 K, A T D) is v er y i ns e nsiti v e t o t h e v al u e f or α D e x c e pt d uri n g t h e
i niti al n u cl e ati o n p h as e. E x p eri m e nt 1 5 (T = 2 1 0 K, A T D) als o d e m o nstr at es v er y ef fi ci e nt i c e gr o wt h, b ut t h e m o d el e d I W C s h o ws m or e
si g ni fi c a nt d e vi ati o ns fr o m t h e m o d el f or α D > 0 .1. E x p eri m e nt 2 1 ( T = 1 9 4 K, A T D) i n di c at es a c as e w h er e t h e I W C is b est fit b y a c o nst a nt
α D l ess t h a n 1; h o w e v er t h e o bs er v e d S i w o ul d n ot b e c o nsist e nt wit h t h e m o d el i n t his c as e.

p er at ur e d e p e n d e n c e of t h e criti c al s u p ers at ur ati o n ( as will
b e dis c uss e d i n S e ct. 5. 4). E x p. 4 0 h a d r el ati v el y l o w c o n-
c e ntr ati o ns of I N pr es e nt ( Ta bl e 2).

E x p. 4 0 w as b est m o d el e d b y a c o nst a nt d e p ositi o n c o ef-
fi ci e nt l ess t h a n 1, wit h α D = 0 .2 ( Fi g. 6, l eft c ol u m n). T his
is si mil ar t o t h e v al u e f or α D pr e di ct e d f or t h e e x p eri m e nt b y
E q. ( 3), u n d er t h e ass u m pti o n of disl o c ati o n gr o wt h ( Fi g. 6,
mi d dl e c ol u m n). T h e m o d el d e m o nstr at e d s o m e s e nsiti vit y t o
t h e t e m p er at ur e d e p e n d e n c e of s crit ( ass u mi n g m = 1, Fi g. 6,
ri g ht c ol u m n), wit h t h e p ar a m et eri z ati o ns pr e di cti n g a l o w er-
t e m p er at ur e tr e n d m or e cl os el y m at c hi n g t h e o bs er v e d S i a n d
I W C. T h es e si m ul ati o ns d e m o nstr at e t h at i c e gr o wt h d uri n g
t h e i niti al p h as e of t h e e x p eri m e nt is m or e s e nsiti v e t o t h e
gr o wt h m e c h a nis m, w hil e l at er i c e gr o wt h is m or e s e nsiti v e
t o t h e t e m p er at ur e d e p e n d e n c e of s crit . W h e n w e ass u m e d

l e d g e n u cl e ati o n (m = 1 5) i n t h e m o d el, t h e m o d el pr e di ct e d
a n i niti all y v er y l o w d e p ositi o n c o ef fi ci e nt, w hi c h c a us e d a
si g ni fi c a nt i n cr e as e i n t h e si m ul at e d S i i n t h e l att er p art of
t h e e x p eri m e nt.

5. 3  H et er o g e n e o u s a n d h o m o g e n e o u s n u cl e ati o n f or

e x p eri m e nt s at T ≤ 2 0 5 K

We n e xt c o m p ar e e x p eri m e nts at 2 0 5 K t h at h a d diff er e nt n u-
cl e ati o n p at h w a ys. E x p. 2 4 – 2 7 w er e at 2 0 4 K, a n d i c e f or m e d
t hr o u g h h et er o g e n e o us n u cl e ati o n o n A T D. E x p. 4 5 w as at
2 0 5 K a n d w as a h o m o g e n e o us n u cl e ati o n e x p eri m e nt usi n g
S A. E x p. 4 6 – 4 8 h a d a mi xt ur e of b ot h A T D a n d S A as I N.
T h e h o m o g e n e o us n u cl e ati o n e x p eri m e nt ( E x p. 4 5) c o ul d b e
c o nsist e ntl y fit wit h a d e p ositi o n c o ef fi ci e nt n e ar u nit y or
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Fi g ur e 6. C o m p aris o n b et w e e n d e p ositi o n m o d els. F or e x p eri m e nt 4 0, w e s h o w p ar c el m o d el o ut p ut f or I W C a n d S i f or diff er e nt c o nst a nt
v al u es of α D (l eft), diff er e nt i c e s urf a c es ( mi d dl e, v ar yi n g m i n E q. 3), a n d diff er e nt p ar a m et eri z ati o ns of s crit (ri g ht, ass u mi n g m = 1 i n
E q. 3). T h e t o p p a n el i n e a c h c ol u m n s h o ws t h e t e m p er at ur e a n d pr ess ur e, t h e s e c o n d p a n el t h e i c e n u m b er c o n c e ntr ati o n, t h e t hir d p a n el t h e
i c e w at er c o nt e nt ( as e q ui v al e nt w at er v a p or mi xi n g r ati o), t h e f o urt h p a n el t h e s u p ers at ur ati o n wit h r es p e ct t o i c e, a n d t h e b ott o m p a n el t h e
v al u es f or α D i n e a c h c as e. T h e v al u e f or s crit f or t h e m o d el r es ults s h o w n i n t h e mi d dl e c ol u m n is d eri v e d fr o m t h e t e m p er at ur e d e p e n d e n c e
m e as ur e d i n H arri n gt o n et al. ( 2 0 1 9). H er e w e us e t h e f oll o wi n g a b br e vi ati o ns i n t h e l e g e n d i n t h e ri g ht p a n el: W 2 0 0 1 ( W o o d et al., 2 0 0 1),
L 2 0 0 3 ( Li b br e c ht, 2 0 0 3), H 2 0 1 6 ( H arris o n et al., 2 0 1 6), a n d H 2 0 1 9 ( H arri n gt o n et al., 2 0 1 9).

wit h α D as gi v e n b y E q. ( 3), ass u mi n g m = 1 ( Fi g. 7, mi d-
dl e c ol u m n), w h er e as t h e ot h er e x p eri m e nts wit h h et er o g e-
n e o us I N pr o d u c e d l o w er I W C t h a n w o ul d b e pr e di ct e d b y
t h e c o nst a nt α D m o d els ( α D > 0 .1) or b y E q. ( 3) ass u mi n g
disl o c ati o n gr o wt h ( m = 1). T h e I W C pr e di ct e d b y E q. ( 3)
f or E x p. 2 5 a n d E x p. 4 7 ( ass u mi n g st a c ki n g-f a ult- d o mi n at e d
gr o wt h, m = 3) is cl os er t o t h e o bs er v e d I W C, b ut t h e m o d el
pr e di ct e d si g ni fi c a ntl y hi g h er S i t h a n w as o bs er v e d i n b ot h
e x p eri m e nts. Alt h o u g h E x p. 4 7 i n cl u d e d b ot h A T D a n d S A

as I N, t his r es ult s u g g ests t h at t h e i c e gr o wt h is m ai nl y c o n-
tr oll e d b y t h e pr es e n c e of t h e h et er o g e n e o us I N.

T h e diff er e n c e b et w e e n t h e h et er o g e n e o us a n d h o m o g e-
n e o us n u cl e ati o n e x p eri m e nts is c o nsist e nt wit h t h e pi ct ur e
t h at s u bs e q u e nt i c e gr o wt h i n t h e at m os p h er e m a y b e str o n gl y
i n fl u e n c e d b y t h e i niti al n u cl e ati o n p at h w a y. D uri n g E x p. 4 5,
i c e i niti all y gr e w i n hi g hl y s u p ers at ur at e d c o n diti o ns ( Fi g. 7,
mi d dl e c ol u m n, fift h p a n el). T h us, i c e gr o wt h w o ul d n ot b e
str o n gl y li mit e d b y s urf a c e eff e cts i n t his c as e, as t h e hi g h
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Fi g ur e 7. C o m p aris o n b et w e e n d e p ositi o n m o d els f or e x p eri m e nts at T = 2 0 5 K wit h diff er e nt I N. P ar c el m o d el o ut p ut f or I W C a n d S i f or
diff er e nt v al u es of α D ass u mi n g diff er e nt c o nst a nt v al u es ( 1. 0, 0. 2, or 0. 1) or diff er e nt i c e s urf a c e gr o wt h m e c h a nis ms ( m = 1 or m = 3)
i n E q. ( 3). All t hr e e e x p eri m e nts t o o k pl a c e at si mil ar t e m p er at ur es b ut wit h diff er e nt I N: E x p. 2 5 ( A T D), E x p. 4 5 ( S A), a n d E x p. 4 7
( A T D + S A).

s u p ers at ur ati o n r e q uir e d t o n u cl e at e i c e i n t h e h o m o g e n e o us
n u cl e ati o n e x p eri m e nt l e d t o v er y ef fi ci e nt gr o wt h.

T his eff e ct c o ul d b e e n h a n c e d b y diff er e n c es i n i c e s ur-
f a c e gr o wt h m e c h a nis ms, as pr e vi o us o bs er v ati o ns of s ur-
f a c e c o m pl e xit y i n AI D A i n di c at e d diff er e n c es b et w e e n e x-
p eri m e nts i niti at e d wit h h et er o g e n e o us or h o m o g e n e o us i c e-
n u cl e ati n g p arti cl es ( S c h n ait er et al., 2 0 1 6; J är vi n e n et al.,
2 0 1 8). I n a d diti o n, t h e gr o wt h m e c h a nis m m a y c h a n g e as i c e
cr yst als gr o w or t h e e n vir o n m e nt al c o n diti o ns c h a n g e. S m all
I c e D et e ct or 3 ( SI D- 3) pr o b e m e as ur e m e nts of i c e f or m e d at
2 2 3 K vi a h o m o g e n e o us n u cl e ati o n i n AI D A d e m o nstr at e d
hi g h c o m pl e xit y f or t h es e i c e cr yst als; h et er o g e n e o us n u cl e-
ati o n h o w e v er w as o bs er v e d t o l e a d t o pristi n e i c e i n t h e c as e

of l o w s u p ers at ur ati o n a n d m or e c o m pl e x i c e f or hi g h er s u-
p ers at ur ati o ns ( S c h n ait er et al., 2 0 1 6; J är vi n e n et al., 2 0 1 8).
T his s u g g ests t h at m or e c o m pl e x i c e i n t h es e c o n diti o ns
s h o ul d b e m or e li k el y t o l e a d t o gr o wt h b y a b u n d a nt s urf a c e
disl o c ati o ns.

C o m p aris o ns wit h e x p eri m e nts at l o w er t e m p er at ur es
(T = 1 9 2 K) wit h diff er e nt I N ( Fi g. 8) d e m o nstr at e si m-
il ar r es ults as t h os e at T = 2 0 5 K ( Fi g. 7). I n t his c as e,
E x p. 2 0 w as a h et er o g e n e o us n u cl e ati o n e x p eri m e nt wit h
A T D, E x p. 3 1 w as a h o m o g e n e o us n u cl e ati o n e x p eri m e nt us-
i n g S A, a n d E x p. 3 3 us e d a mi x of A T D a n d S A. Si mil arl y t o
t h e e x p eri m e nts n e ar 2 0 5 K, t h e h o m o g e n e o us n u cl e ati o n e x-
p eri m e nt c o ul d b e fit r el ati v el y c o nsist e ntl y wit h t h e c o nst a nt
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Fi g ur e 8. C o m p aris o n b et w e e n d e p ositi o n m o d els f or c ol d t e m p er at ur e e x p eri m e nts wit h diff er e nt I N. P ar c el m o d el o ut p ut f or I W C a n d
S i f or diff er e nt v al u es of α s ass u mi n g diff er e nt i c e s urf a c e gr o wt h m e c h a nis ms i n E q. ( 3). All t hr e e e x p eri m e nts t o o k pl a c e at si mil ar
t e m p er at ur es b ut wit h diff er e nt I N: E x p. 2 0 ( A T D), E x p. 3 1 ( S A), a n d E x p. 3 3 ( A T D + S A).

d e p ositi o n c o ef fi ci e nt m o d el ass u mi n g α D = 1 or E q. ( 3) as-
s u mi n g disl o c ati o n gr o wt h. B ot h e x p eri m e nts wit h h et er o g e-
n e o us I N d e m o nstr at e d a si g ni fi c a nt mis m at c h b et w e e n all
m o d els a n d o bs er v ati o ns f or b ot h S i a n d I W C. Var yi n g t h e
t e m p er at ur e d e p e n d e n c e of s crit c o ul d a c c o u nt f or s o m e of t h e
dis cr e p a n c y b et w e e n t h e m o d el a n d o bs er v ati o ns, b ut t his r e-
s ult m a y als o b e e n h a n c e d b y a n u n d er esti m ati o n of t h e t ot al
i c e n u m b er d e nsit y f or t h e h et er o g e n e o us I N e x p eri m e nts at
l o w t e m p er at ur es ( Cl o us er et al., 2 0 2 0). T h es e e x p eri m e nts
g e n er all y h a d i c e cr yst als wit h a v er a g e r a dii v er y n e ar t h e
d et e cti o n li mit of t h e o pti c al p arti cl e c o u nt ers a n d s m all er
i c e cr yst als o n a v er a g e t h a n w er e o bs er v e d f or t h e h o m o-
g e n e o us n u cl e ati o n e x p eri m e nts ( Ta bl es 1 a n d 2). Alt h o u g h
m o d els us e d i n t h e pr e vi o us st u d y o n d e p ositi o n al i c e gr o wt h

i n AI D A i n S kr ot z ki et al. ( 2 0 1 3) r eli e d o n diff er e nt e x p eri-
m e nt al o bs er v a bl es, t h es e m o d els als o b ot h us e d t h e i c e n u m-
b er d e nsit y as a n i n p ut, s u g g esti n g t h at t h e s a m e s yst e m ati c
u n c ert ai nt y r el at e d t o u n d er c o u nti n g i c e at l o w t e m p er at ur es
w o ul d i m p a ct t h os e r es ults as w ell.

5. 4  C o m p ari s o n of m o d el s a n d o b s er v ati o n s a s a

f u n cti o n of t e m p er at ur e

We us e m e a n a bs ol ut e p er c e nt a g e err or ( M A P E) as a m etri c
t o e v al u at e h o w t h e m o d el pr e di cti o ns f or S i a n d I W C f or
t h e diff er e nt si m ul ati o ns c o m p ar e a g ai nst t h e o bs er v e d ti m e
s eri es a cr oss all e x p eri m e nts. We a d o pt n ot ati o n t o d e fi n e t h e
o bs er v e d ti m e s eri es f or e a c h e x p eri m e nt ( eit h er I W C or S i)
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as y i a n d t h e m o d el pr e di cti o n as y i. M A P E is d e fi n e d as

M A P E =
1

n

n

i= 1

y i − ŷ i

y i
· 1 0 0 , ( 6)

w h er e t h e s u m m ati o n is o v er t h e n m o d el e d ti m e st e ps. B e-
c a us e t his m etri c is s c al e i n d e p e n d e nt (it is n or m ali z e d b y t h e
n u m b er of ti m e st e ps), it c a n b e us e d t o c o m p ar e m o d el p er-
f or m a n c e a cr oss diff er e nt e x p eri m e nts. L o w er v al u es of t h e
M A P E i n di c at e t h at o bs er v ati o ns a n d m o d els m or e cl os el y
a gr e e.

Fi g ur e 9 s h o ws t h e M A P E as a f u n cti o n of t e m p er at ur e f or
S i a n d I W C f or t h e t hr e e s ets of si m ul ati o ns. T h e m ost si g nif-
i c a nt d e vi ati o ns b et w e e n all m o d els a n d o bs er v ati o ns o c c ur
b el o w 2 0 5 K. F or t h e c o nst a nt α D m o d els ( Fi g. 9 a a n d b), t h e
M A P E w as g e n er all y s m all est f or α D > 0 .2 f or S i a cr oss t h e
e ntir e t e m p er at ur e r a n g e a n d f or I W C a b o v e 2 0 5 K; b el o w
2 0 5 K, t h e M A P E f or I W C f or s o m e e x p eri m e nts w as l o w er
f or α D < 0 .1.

F or t h e M A P E of S i a n d I W C ass u mi n g α D p ar a m et er-
i z e d a c c or di n g t o E q. ( 3) wit h diff er e nt s urf a c e gr o wt h m e c h-
a nis ms ( Fi g. 9 c a n d d), t h e e x p eri m e nts a b o v e 2 0 5 K h a d
t h e s m all est M A P E f or b ot h I W C a n d S i ass u mi n g m = 1
or gr o wt h b y a b u n d a nt s urf a c e disl o c ati o ns. F or e x p eri m e nts
b el o w 2 0 5 K, t h e tr e n d w as l ess cl e ar.

U n d er t h e ass u m pti o n of disl o c ati o n gr o wt h ( Fi g. 9 e a n d
f), t h e M A P E f or S i w as l o w er u n d er t h e ass u m pti o n t h at s crit

h as a l o w er v al u e at c ol d t e m p er at ur es ( Fi g. 3). We pl a n t o
f urt h er e x pl or e st atisti c al c o nstr ai nts pl a c e d o n t h e p ar a m e-
t eri z ati o ns f or s crit b y t h es e e x p eri m e nts i n t h e s e c o n d p art of
t his st u d y.

T o e x pl ai n w h y m a n y e x p eri m e nts ar e c o nsist e nt wit h b ot h
E qs. ( 2) a n d ( 3), w e n ot e t h at t h e r a dii of t h e i c e cr yst als
c h a n g e d b y a si n gl e or d er of m a g nit u d e o v er t h e c o urs e of
t h es e e x p eri m e nts (i n m ost c as es fr o m ∼ 1 t o ∼ 5 – 1 0 µ m).
T his s m all r a n g e of v al u es, c o u pl e d wit h disl o c ati o n gr o wt h,
m e a ns t h at t h e d e p ositi o n c o ef fi ci e nt f u n cti o n pr e di ct e d b y
E q. ( 3) is r el ati v el y c o nst a nt o v er t h e e x p eri m e nt. I n E x p. 4 0,
f or e x a m pl e, t h e d e p ositi o n c o ef fi ci e nt i n t h e disl o c ati o n
m o d el r a n g es fr o m ∼ 1 t o 0. 1, w hi c h is als o a r a n g e o v er
w hi c h t h e m o d el is q uit e i ns e nsiti v e t o t h e d e p ositi o n c o ef fi-
ci e nt i n t h e c o nst a nt c as e ( Fi g. 6).

6  C o n cl u si o n s

Pr e vi o us e x p eri m e nts i n AI D A i n di c at e d t h at t h e d e p ositi o n
c o ef fi ci e nt w as wit hi n a n or d er of m a g nit u d e of u nit y i n cir-
r us c o n diti o ns. H o w e v er, t h es e e x p eri m e nts o nl y c o nsi d er e d
a m o d el w h er e t h e d e p ositi o n c o ef fi ci e nt w as c o nst a nt, a n d
t h es e v al u es s h o ul d b e i nt er pr et e d as a n a v er a g e o v er t h e
e v ol vi n g e n vir o n m e nt al c o n diti o ns d uri n g t h e e x p a nsi o n e x-
p eri m e nts. H er e w e h a v e s h o w n t h at e v e n t h o u g h i c e gr o wt h
i n c ol d cl o u d e x p eri m e nts i n AI D A c a n b e m o d el e d wit h a
c o nst a nt d e p ositi o n c o ef fi ci e nt i n m ost c as es, it is als o c o n-

sist e nt wit h m o d els of s urf a c e ki n eti c eff e cts t h at v ar y as a
f u n cti o n of s u p ers at ur ati o n a n d t e m p er at ur e.

E v e n t h o u g h t h es e e x p a nsi o n e x p eri m e nts di d n ot g e n er-
all y d e m o nstr at e si g ni fi c a nt d e p ositi o n al gr o wt h i n hi biti o n
d u e t o t h es e s urf a c e ki n eti c eff e cts, w e r e c o m m e n d c a uti o n
i n e xtr a p ol ati n g fr o m t h es e e x p eri m e nts t o r e al at m os p h eri c
c o n diti o ns. Cl o u d c h a m b er e x p a nsi o n e x p eri m e nts i n v ol v e
m u c h m or e r a pi d c h a n g es i n s u p ers at ur ati o n, t e m p er at ur e,
a n d pr ess ur e t h a n ar e g e n er all y f o u n d i n t h e at m os p h er e,
a n d e x p eri m e nts at c ol d er t e m p er at ur es ( < 2 0 5 K) d e m o n-
str at e d gr e at er s e nsiti vit y t o t h e d e p ositi o n p ar a m et eri z ati o n
a n d m or e si g ni fi c a nt d e vi ati o ns fr o m all d e p ositi o n al gr o wt h
m o d els (s e e Fi g. 9). I c e gr o wt h i n AI D A o c c urs at si g ni fi-
c a ntl y hi g h er eff e cti v e u p dr aft s p e e ds ( 9 0 – 3 7 0 c m s − 1 f or t h e
Is o Cl o u d e x p eri m e nts) t h a n ar e pr es e nt i n at m os p h eri c cir-
r us cl o u ds f or mi n g i n t h e tr o pi c al tr o p o p a us e l a y er, w h er e
u p dr aft s p e e ds ar e g e n er all y a f e w c m s − 1 ( Kr ä m er et al.,
2 0 2 0). I n a d diti o n, si n c e p o p ul ati o ns of i c e cr yst als wit hi n
AI D A n u cl e at e a n d gr o w i n r el ati v el y c o nsist e nt c o n diti o ns,
t h e y m a y n ot r e pr es e nt t h e tr u e h et er o g e n eit y of i c e cr yst al
p o p ul ati o ns gr o wi n g i n c o m p etiti o n wit h o n e a n ot h er i n at-
m os p h eri c c o n diti o ns. Si n c e s urf a c e ki n eti c eff e cts will b e
m ost si g ni fi c a nt f or i c e gr o wt h fr o m v a p or n e ar s at ur ati o n,
t h e m u c h l o w er u p dr aft s p e e ds f o u n d i n r e gi o ns w h er e i n sit u
at m os p h eri c cirr us f or m i n di c at e t h es e s urf a c e ki n eti c eff e cts
s h o ul d n ot b e n e gl e ct e d i n cl o u d m o d els. Cl o u d c h a m b er e x-
p eri m e nts m a y i nst e a d b e m or e r e pr es e nt ati v e of at m os p h eri c
c o n diti o ns wit h si g ni fi c a ntl y hi g h er u p dr aft s p e e ds, s u c h as
cirr us cl o u ds f or m e d as t h e r es ult of o v ers h o oti n g c o n v e cti v e
s yst e ms or i n s yst e ms wit h l ar g e-s c al e u p dr afts s u c h as t h e
Asi a n m o ns o o n ( Kr ä m er et al., 2 0 2 0).

H arri n gt o n et al. ( 2 0 1 9) d e m o nstr at e d t h at t h e l o w d e p osi-
ti o n c o ef fi ci e nts o bs er v e d i n si n gl e- p arti cl e l e vit ati o n diff u-
si o n c h a m b er e x p eri m e nts ( M a g e e et al., 2 0 0 6) ar e c o nsist e nt
wit h t h e t e m p er at ur e-, s u p ers at ur ati o n-, a n d f a c et- d e p e n d e nt
p ar a m et eri z ati o n of α D gi v e n b y E q. ( 3). H er e w e h a v e s h o w n
t h at t h e hi g h d e p ositi o n c o ef fi ci e nts pr e vi o usl y o bs er v e d i n
cl o u d c h a m b er e x p eri m e nts ( S kr ot z ki et al., 2 0 1 3) c a n als o
b e e x pl ai n e d b y t his s a m e i c e gr o wt h t h e or y. T h us, t h e s e e m-
i n g c o ntr a di cti o n b et w e e n l e vit ati o n diff usi o n c h a m b er e x-
p eri m e nts a n d cl o u d c h a m b er st u di es c a n b e r es ol v e d b y a
n o n- c o nst a nt p ar a m et eri z ati o n f or α D . H o w e v er, c a uti o n is
w arr a nt e d. W hil e c o nst a nt d e p ositi o n c o ef fi ci e nts c a n n ot b e
c orr e ct f or f a c et e d i c e, ot h er pr o c ess es c a n aff e ct t h e gr o wt h
r at es. F or i nst a n c e, i m m e di at el y f oll o wi n g n u cl e ati o n, f a c ets
d e v el o p o n fr o z e n dr o pl ets a n d gr o w al o n g t h e s urf a c e. T his
gr o wt h c a n pr o d u c e r el ati v el y c o nst a nt m ass gr o wt h r at es
( P o krif k a et al., 2 0 2 0) t h at c a n b e misi nt er pr et e d as a str o n g
ki n eti c li mit ati o n ( H arri n gt o n a n d P o krif k a, 2 0 2 1). T his is
als o tr u e f or f a c et r e gr o wt h aft er s u bli m ati o n, w hi c h c a n l e a d
t o m u c h w e a k er gr o wt h ( H arri n gt o n a n d P o krif k a, 2 0 2 1).
M or e o v er, w h et h er i c e f or ms fr o m h et er o g e n e o us n u cl ei or
h o m o g e n e o us fr e e zi n g m a y i m p a ct t h e gr o wt h r at e ( P o krif k a
et al., 2 0 2 0). Si n c e o ur c urr e nt t h e ori es of i c e cr yst al gr o wt h
ar e r el ati v el y si m pl e, all s urf a c e pr o c ess es ar e c o n v ol v e d

At m o s. C h e m. P h y s., 2 3, 6 0 4 3 – 6 0 6 4, 2 0 2 3 htt p s:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 2 3- 6 0 4 3- 2 0 2 3



K. D. L a m b et al.: R e- e v al u ati n g cl o u d c h a m b er c o n str ai nt s – P art 1 6 0 5 9

Fi g ur e 9. M e a n a bs ol ut e p er c e nt a g e err or f or d e p ositi o n m o d els. ( a, b) Te m p er at ur e d e p e n d e n c e of M A P Es f or I W C a n d S i f or t h e c o nst a nt
α D m o d els f or all t h e Is o Cl o u d e x p eri m e nts, ( c, d) f or t h e diff er e nt s urf a c e gr o wt h m e c h a nis ms, a n d ( e, f) f or diff er e nt t e m p er at ur e p ar a m-
et eri z ati o ns f or s crit ass u mi n g m = 1 i n E q. ( 3). H er e w e us e t h e f oll o wi n g a b br e vi ati o ns i n t h e l e g e n d: W 2 0 0 1 ( W o o d et al., 2 0 0 1), L 2 0 0 3
( Li b br e c ht, 2 0 0 3), H 2 0 1 6 ( H arris o n et al., 2 0 1 6), a n d H 2 0 1 9 ( H arri n gt o n et al., 2 0 1 9).

wit h t h e d e p ositi o n c o ef fi ci e nts, a n d t his li mit ati o n s h o ul d b e
b or n e i n mi n d w h e n usi n g a n y d e p ositi o n c o ef fi ci e nt m o d el
( H arri n gt o n et al., 2 0 1 9).

Alt h o u g h t h e AI D A e x p eri m e nts c a n i n s o m e c as es b e fit
wit h a c o nst a nt d e p ositi o n c o ef fi ci e nt, t h e v al u e of t h e d e p o-
siti o n c o ef fi ci e nt c a n n ot b e pr e di ct e d dir e ctl y b as e d o n ot h er
e n vir o n m e nt al o bs er v a bl es, s u c h as s at ur ati o n a n d t e m p er a-
t ur e ( as t h e s crit m o d el i n E q. 3 c a n b e). I n a g e n er al s e ns e,
w h e n α D is gr e at er t h a n 0. 1, att a c h m e nt ki n eti cs c a n us u all y
b e i g n or e d i n m ass gr o wt h esti m at es, w hil e α D < 0 .1 pr o-
d u c es eff e cts o n gr o wt h t h at g e n er all y c a n n ot b e i g n or e d.
H o w e v er, t h e d e p ositi o n c o ef fi ci e nt i n b ot h li mits m ust b e
i n cl u d e d i n or d er t o c o nsist e ntl y m o d el c h a n g es i n cr ys-

t al s h a p e. T h es e r es ults s u g g est t h at c h a m b er e x p eri m e nts
s h o ul d n ot b e o v eri nt er pr et e d t o i m pl y t h at t h e d e p ositi o n c o-
ef fi ci e nt will al w a ys b e u ni m p ort a nt f or cirr us f or m ati o n.

T h e d e p ositi o n al i c e gr o wt h m o d els d es cri b e d i n S e ct. 2
s u g g est t h at it is us ef ul t o diff er e nti at e b et w e e n t h e dir e ct i n-
fl u e n c e of t h e d e p ositi o n c o ef fi ci e nt o n m ass u pt a k e b y t h e
gr o wi n g i c e cr yst al a n d t h e i n dir e ct i n fl u e n c e of t h e d e p osi-
ti o n c o ef fi ci e nt o n t h e i c e cr yst al h a bit. H er e, w e r ef er t o t h e
dir e ct i n fl u e n c e of t h e d e p ositi o n c o ef fi ci e nt o n m ass u pt a k e
as t h e “ gr o wt h ef fi ci e n c y eff e ct ” of d e p ositi o n al i c e gr o wt h.
T his gr o wt h ef fi ci e n c y eff e ct is li n k e d t o t h e p ot e nti al d e-
h y dr ati o n of w at er v a p or e nt eri n g t h e str at os p h er e t hr o u g h
t h e tr o pi c al tr o p o p a us e l a y er ( R a n d el a n d J e ns e n, 2 0 1 3). T h e
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“ h a bit eff e ct ” of d e p ositi o n al i c e gr o wt h is li n k e d t o t h e di-
r e ct r a di ati v e eff e cts of i c e cr yst als i n cirr us cl o u ds. T his
disti n cti o n is als o i m p ort a nt f or d e v el o pi n g m o d el p ar a m-
et eri z ati o ns of d e p ositi o n al i c e gr o wt h, si n c e t h e r a di ati v e
eff e cts of i c e cr yst als a n d t h eir f all s p e e ds ( b ot h of w hi c h
w o ul d b e str o n gl y i n fl u e n c e d b y t h e h a bit eff e ct) ar e n ot
al w a ys c o nsist e ntl y tr e at e d wit h t h e p artiti o ni n g of w at er
b et w e e n t h e v a p or a n d i c e p h as es d uri n g d e p ositi o n al i c e
gr o wt h (str o n gl y i n fl u e n c e d b y t h e gr o wt h r at e eff e ct) i n mi-
cr o p h ysi c al s c h e m es ( M orris o n et al., 2 0 2 0).

T h es e t w o disti n ct eff e cts of t h e d e p ositi o n c o ef fi ci e nt ar e
als o li n k e d t o t y pi c al e x p eri m e nt al c o nstr ai nts pl a c e d o n d e-
p ositi o n al i c e gr o wt h. I n t h e cl o u d c h a m b er e x p eri m e nts d e-
s cri b e d h er e, it is p ossi bl e t o m o nit or t h e p artiti o ni n g of w at er
b et w e e n t h e v a p or a n d i c e p h as es; t h us t h es e e x p eri m e nts ar e
dir e ctl y s e nsiti v e t o t h e gr o wt h ef fi ci e n c y eff e ct. I n t h e c ur-
r e nt st u d y, w e di d n ot h a v e i nf or m ati o n a b o ut t h e i c e cr yst al
h a bits d uri n g t h e gr o wt h p h as e, h o w e v er. Diff usi o n c h a m-
b ers us e a n o pti c al m e as ur e m e nt t o m o nit or t h e gr o wt h r at es
of diff er e nt f a c ets w h e n cr yst als ar e gr o w n o n a s u bstr at e,
a n d t h es e c h a m b ers ar e s e nsiti v e t o t h e h a bit eff e ct. I n c o n-
tr ast, el e ctr o d y n a mi c l e vit ati o n diff usi o n c h a m b ers m o nit or
t h e gr o wt h r at e t hr o u g h c h a n g es i n t h e l e vit ati o n v olt a g e.
T h es e d e vi c es t h er ef or e m o nit or t h e p artiti o ni n g b et w e e n t h e
v a p or a n d i c e p h as es d uri n g t h e c o urs e of t h e e x p eri m e nt, a n d
s e nsiti vit y t o t h e h a bit eff e ct c a n b e dis c er n e d t hr o u g h n u-
m eri c al m o d eli n g. F or i nst a n c e, l e vit at e d cr yst als f or m e d b y
h et er o g e n e o usl y fr o z e n p ur e w at er dr o ps e x hi bit gr o wt h r at es
t h at c a n o nl y b e e x pl ai n e d if f a c ets d e v el o p e d o n t h eir s ur-
f a c es ( P o krif k a et al., 2 0 2 0; H arri n gt o n a n d P o krif k a, 2 0 2 1).

O ur st u d y hi g hli g hts h o w cl o u d c h a m b er e x p eri m e nts
s h o ul d b e d esi g n e d t o si m ult a n e o usl y m o nit or t h e gr o wt h ef-
fi ci e n c y eff e ct a n d t h e h a bit eff e ct of d e p ositi o n al i c e gr o wt h.
We r e c o m m e n d t h at f ut ur e cl o u d c h a m b er st u di es f o c us e d
o n d e p ositi o n al i c e gr o wt h i n cl u d e i nstr u m e nt ati o n t o m o n-
it or i c e cr yst al h a bit d uri n g t h e c o urs e of t h e e x p a nsi o n e x-
p eri m e nts (f or e x a m pl e b y m o nit ori n g i c e gr o wt h wit h t h e
P arti cl e H a bit I m a gi n g a n d P ol ar S c att eri n g pr o b e or cl o u d
p arti cl e i m a g ers; S c h ö n et al., 2 0 1 1; A b d el m o n e m et al.,
2 0 1 1, 2 0 1 6; S c h n ait er et al., 2 0 1 8; L a ws o n et al., 1 9 9 8), as
t his is n e c ess ar y t o si m ult a n e o usl y c o nstr ai n b ot h t h e h a bit
eff e ct a n d t h e gr o wt h ef fi ci e n c y i n cirr us i c e.

I c e gr o wt h at l o w t e m p er at ur es m a y b e f urt h er c o m pli-
c at e d b y a m et ast a bl e c u bi c i c e p h as e ( I c ), w hi c h l a b or a-
t or y st u di es a n d m ol e c ul ar d y n a mi c si m ul ati o ns h a v e i n di-
c at e d c o ul d e xist i n at m os p h eri c c o n diti o ns at l o w t e m p er a-
t ur es ( M urr a y et al., 2 0 0 5). D uri n g t h e Is o Cl o u d c a m p ai g ns,
w e s a w n o e vi d e n c e f or I c ( Cl o us er et al., 2 0 2 0). M ol e c u-
l ar d y n a mi cs si m ul ati o ns at 1 8 0 K i n di c at e d a d diti o n al c o m-
pli c ati o ns f or cr yst al s urf a c es at l o w t e m p er at ur es, i n cl u di n g
t h e a g gr e g ati o n of I h a n d I c t o f or m p ol y cr yst als, l e a di n g
t o st a c ki n g f a ults a n d r a n d o m gr ai n b o u n d ari es ( 2 D cr yst al
d ef e cts) ( M o or e a n d M oli n er o, 2 0 1 1 a, b). I c e cr yst als wit h
t hr e e-f ol d s y m m etr y (tri g o n al i c e) h a v e als o b e e n o bs er v e d
i n t h e at m os p h er e a n d h a v e b e e n r el at e d t o st a c ki n g dis or d ers

i n t h e i c e cr yst al l atti c e ( M urr a y et al., 2 0 1 5). A r e c e nt st u d y
e x pl ori n g e x p eri m e nt al w at er- v a p or- pr ess ur e m e as ur e m e nts
f or a m or p h o us s oli d w at er a n d s u p er c o ol e d li q ui d w at er cr ys-
t alli zi n g b el o w 2 3 5 K i n di c at es t h es e t w o disti n ct p h as es of
w at er h a v e a p h as e tr a nsiti o n b et w e e n 2 0 0 a n d 2 3 5 K, w hi c h
c o ul d h el p e x pl ai n hi g h s u p ers at ur ati o ns o bs er v e d i n t h e T T L
( N a c h b ar et al., 2 0 1 9). We h a v e n ot e x pl or e d t h es e iss u es
h er e, b ut t h e y m a y b e i m p ort a nt pr o c ess es i n c ert ai n at m o-
s p h eri c c o n diti o ns a n d ar e dis c uss e d i n t h e c o nt e xt of t h e
Is o Cl o u d e x p eri m e nts i n Cl o us er et al. ( 2 0 2 0).

T h e Is o Cl o u d e x p eri m e nts pr o vi d e d o bs er v ati o n al c o n-
str ai nts o n t h e v al u es f or t h e criti c al s u p ers at ur ati o n at l o w
t e m p er at ur es. T h es e e x p eri m e nts i n di c at e t h at h o m o g e n e o us
n u cl e ati o n a n d h et er o g e n e o us n u cl e ati o n i n c as es of hi g h s u-
p ers at ur ati o n c a n g e n er all y b e p ar a m et eri z e d as disl o c ati o n
gr o wt h c o nsist e nt wit h a t e m p er at ur e- d e p e n d e nt criti c al s u-
p ers at ur ati o n; h o w e v er i c e cl o u ds f or mi n g i n t h e at m os p h er e
vi a h et er o g e n e o us n u cl e ati o n at l o w a m bi e nt s u p ers at ur a-
ti o ns c o ul d pr o c e e d vi a gr o wt h m e c h a nis ms wit h a str o n g er
d e p e n d e n c e o n criti c al s u p ers at ur ati o n ( m > 1 i n E q. 3). A d-
diti o n all y, c h a n gi n g c o n diti o ns of s u p ers at ur ati o ns m a y c o n-
tri b ut e t o sl o w gr o wt h r at es, e v e n w h e n i c e w as i niti all y n u-
cl e at e d h o m o g e n e o usl y ( Z h a n g a n d H arri n gt o n, 2 0 1 4). M or e
pr e cis e l a b or at or y e x p eri m e nts ar e n e e d e d t o c o nstr ai n t h e
disti n ct gr o wt h r at es of t h e b as al a n d pris m f a c ets at l o w t e m-
p er at ur es, as t h e a n al ysis pr es e nt e d h er e pr o vi d es o nl y a n a v-
er a g e gr o wt h r at e ( ass u mi n g is o m etri c gr o wt h). T h es e e x p er-
i m e nts s u g g est t h at b ot h n u cl e ati o n p at h w a y ( h o m o g e n e o us
or h et er o g e n e o us) a n d i c e n u m b er d e nsit y (l o w or hi g h) m a y
l e a d t o diff er e nt s urf a c e eff e cts. I n f ut ur e w or k w e will a p pl y
B a y esi a n p ar a m et er esti m ati o n t o m or e q u alit ati v el y e v al u at e
t h e c o nstr ai nts pl a c e d o n d e p ositi o n al gr o wt h m o d els b y t h e
AI D A e x p eri m e nts.
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A p p e n di x A: Li st of a b br e vi ati o n s u s e d i n t h e t e xt

AI D A  A er os ol I nt er a cti o ns a n d D y n a mi cs i n t h e
At m os p h er e

A P e T  AI D A P CI e xtr a cti v e T D L
A Pi c T  AI D A P CI i n cl o u d T D L
A q u a VI T  Wat er ( a q u a) v a p or i nstr u m e nt al t est
A T D  Ari z o n a t est d ust
C hi- WI S  C hi c a g o Wat er Is ot o p e S p e ctr o m et er
C P C  C o n d e ns ati o n p arti cl e c o u nt er
Di S KI C E  Diff usi o n S urf a c e Ki n eti cs I c e Cr yst al

E v ol uti o n m o d el
HI T R A N  Hi g h- R es ol uti o n Tr a ns missi o n d at a b as e

f or s p e ctr os c o p y
I N i c e n u cl ei
Is o Cl o u d Is ot o pi c fr a cti o n ati o n i n cl o u ds
I W C I c e w at er c o nt e nt
M A P E  M e a n a bs ol ut e p er c e nt a g e err or
O F- C E A S  O pti c al-f e e d b a c k c a vit y- e n h a n c e d a bs or p-

ti o n s p e ctr os c o p y
O P C  O pti c al p arti cl e c o u nt er
P C VI P u m p e d c o u nt er fl o w virt u al i m p a ct or
p p b v P arts p er billi o n b y v ol u m e
p p m v P arts p er milli o n b y v ol u m e
S A  A q u e o us s ulf uri c a ci d p arti cl es
S O A S e c o n d ar y or g a ni c a er os ol
S P- A Pi c T Si n gl e- p at h A Pi c T
S S A Si n g ul ar s p e ctr u m a n al ysis
T D L  T u n a bl e di o d e l as er
T D L A S  T u n a bl e di o d e l as er a bs or pti o n s p e c-

tr os c o p y
T T L  Tr o pi c al tr o p o p a us e l a y er
U T L S  U p p er tr o p os p h er e a n d l o w er str at os p h er e
w el as  Wei ßli c ht- A er os ols p e ktr o m et er ( W hit e-

li g ht A er os ol S p e ctr o m et er)

C o d e a n d d at a a v ail a bilit y. P yt h o n c o d e t o pr e-
pr o c ess a n d a n al y z e e x p eri m e nts is a v ail a bl e at
htt ps:// d oi. or g/ 1 0. 5 2 8 1/ z e n o d o. 7 9 8 6 9 5 3 ( L a m b, 2 0 2 3).  T h e
L a gr a n gi a n p ar c el m o d el c o d e us e d i n t his a n al ysis w as pr o vi d e d
b y J err y Y. H arri n gt o n. D at a s ets f or t h e Is o Cl o u d 4 c a m p ai g ns a n d
o ut p ut f or t h e p ar c el m o d el us e d i n t his a n al ysis c a n b e f o u n d at
htt ps:// d oi. or g/ 1 0. 5 2 8 1/ z e n o d o. 7 9 8 6 8 6 8 ( L a m b et al., 2 0 2 3).

A ut h or c o ntri b uti o n s. K D L a n d J Y H c o n c ei v e d t h e st u d y a n d
d e v el o p e d t h e m et h o d ol o g y. K D L p erf or m e d t h e a n al ysis a n d wr ot e
t h e i niti al dr aft of t h e m a n us cri pt, wit h c o ntri b uti o ns fr o m J Y H
a n d B W C. J Y H d e v el o p e d t h e Di S KI C E m o d el. L S, B W C, a n d
K D L d e v el o p e d, a c q uir e d, a n d a n al y z e d d at a fr o m t h e C hi- WI S
i nstr u m e nt, wit h s u p er visi o n fr o m EJ M. EJ M, V E, O M, a n d H S
d e v el o p e d a n d l e d t h e Is o Cl o u d c a m p ai g ns. O M a n d H S l e d e x-
p eri m e nts at t h e AI D A c h a m b er. V E s u p er vis e d t h e d e v el o p m e nt
a n d v ali d ati o n of t h e A Pi C T, A P e T, a n d S P- A Pi c T i nstr u m e nts.
K D L, J Y H, EJ M, V E, O M, a n d H S a c q uir e d f u n di n g t h at s u p p ort e d

t his r es e ar c h. All a ut h ors c o ntri b ut e d t o r e vi e wi n g a n d e diti n g t h e
m a n us cri pt.

C o m p eti n g i nt er e st s. At l e ast o n e of t h e ( c o-) a ut h ors is a m e m-
b er of t h e e dit ori al b o ar d of At m os p h eri c C h e mistr y a n d P h ysi cs .
T h e p e er-r e vi e w pr o c ess w as g ui d e d b y a n i n d e p e n d e nt e dit or, a n d
t h e a ut h ors als o h a v e n o ot h er c o m p eti n g i nt er ests t o d e cl ar e.

Di s cl ai m er. P u blis h er’s n ot e: C o p er ni c us P u bli c ati o ns r e m ai ns
n e utr al wit h r e g ar d t o j uris di cti o n al cl ai ms i n p u blis h e d m a ps a n d
i nstit uti o n al af fili ati o ns.

A c k n o wl e d g e m e nt s. T h e a ut h ors a c k n o wl e d g e s u p p ort fr o m t h e
U S D e p art m e nt of E n er g y’s at m os p h eri c s ci e n c e pr o gr a m At m o-
s p h eri c S yst e m R es e ar c h, a n Of fi c e of S ci e n c e a n d Of fi c e of Bi o-
l o gi c al a n d E n vir o n m e nt al R es e ar c h pr o gr a m u n d er gr a nt n o. D E-
S C 0 0 2 3 0 2 0. J err y Y. H arri n gt o n is gr at ef ul f or s u p p ort fr o m t h e
N ati o n al S ci e n c e F o u n d ati o n ( N S F), gr a nt n o. A G S- 2 1 2 8 3 4 7, a n d
t h e U S D e p art m e nt of E n er g y’s at m os p h eri c s ci e n c e pr o gr a m At-
m os p h eri c S yst e m R es e ar c h, a n Of fi c e of S ci e n c e a n d Of fi c e of
Bi ol o gi c al a n d E n vir o n m e nt al R es e ar c h pr o gr a m u n d er gr a nt D E-
S C 0 0 2 1 0 0 1. We als o a c k n o wl e d g e t h e Is o Cl o u d s ci e n c e t e a m a n d
t h e AI D A t e c h ni c al st aff a n d s u p p ort t e a m. F u n di n g f or t h e Is o-
Cl o u d c a m p ai g n w as pr o vi d e d b y t h e N ati o n al S ci e n c e F o u n d a-
ti o n a n d t h e D e uts c h e F ors c h u n gs g e m ei ns c h aft t hr o u g h I nt er n a-
ti o n al C oll a b or ati o n i n C h e mistr y gr a nt n os. C H E M 1 0 2 6 8 3 0 a n d
M O 6 6 8/ 3- 1.

Fi n a n ci al s u p p ort. T his r es e ar c h h as b e e n s u p p ort e d b y t h e
U S D e p art m e nt of E n er g y ( gr a nt n os. D E- S C 0 0 2 3 0 2 0 a n d D E-
S C 0 0 2 1 0 0 1), t h e N ati o n al S ci e n c e F o u n d ati o n ( gr a nt n os. A G S-
2 1 2 8 3 4 7 a n d C H E M 1 0 2 6 8 3 0), a n d t h e D e uts c h e F ors c h u n gs g e-
m ei ns c h aft ( gr a nt n o. M O 6 6 8/ 3- 1).

R e vi e w st at e m e nt. T his p a p er w as e dit e d b y A ur éli e n P o d gl aj e n
a n d r e vi e w e d b y J o n N els o n a n d o n e a n o n y m o us r ef er e e.

R ef er e n c e s

A b d el m o n e m, A., S c h n ait er, M., A msl er, P., H ess e, E., M e y er, J.,
a n d L eis n er, T.: First c orr el at e d m e as ur e m e nts of t h e s h a p e a n d
li g ht s c att eri n g pr o p erti es of cl o u d p arti cl es usi n g t h e n e w P arti-
cl e H a bit I m a gi n g a n d P ol ar S c att eri n g ( P HI P S) pr o b e, At m os.
M e as. Te c h., 4, 2 1 2 5 – 2 1 4 2, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a mt- 4- 2 1 2 5-
2 0 1 1, 2 0 1 1.

A b d el m o n e m, A., J är vi n e n, E., D uft, D., Hirst, E., Vo gt, S.,
L eis n er, T., a n d S c h n ait er, M.: P HI P S – H A L O: t h e air b or n e
P arti cl e H a bit I m a gi n g a n d P ol ar S c att eri n g pr o b e – P art 1:
D esi g n a n d o p er ati o n, At m os. M e as. Te c h., 9, 3 1 3 1 – 3 1 4 4,
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a mt- 9- 3 1 3 1- 2 0 1 6, 2 0 1 6.

B ail e y, M. a n d H all ett, J.: N u cl e ati o n eff e cts o n t h e h a bit of v a p o ur
gr o w n i c e cr yst als fr o m − 1 8 t o − 4 2 C, Q. J. R o y. M et e or. S o c.,

htt p s:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 2 3- 6 0 4 3- 2 0 2 3 At m o s. C h e m. P h y s., 2 3, 6 0 4 3 – 6 0 6 4, 2 0 2 3



6 0 6 2  K. D. L a m b et al.: R e- e v al u ati n g cl o u d c h a m b er c o n str ai nt s – P art 1

1 2 8, 1 4 6 1 – 1 4 8 3, htt ps:// d oi. or g/ 1 0. 1 0 0 2/ qj. 2 0 0 2 1 2 8 5 8 3 0 4,
2 0 0 2.

B ail e y,  M. a n d  H all ett, J.:  Gr o wt h r at es a n d h a bits
of i c e cr yst als b et w e e n- 2 0 a n d- 7 0  C, J.  At-
m os. S ci., 6 1, 5 1 4 – 5 4 4, htt ps:// d oi. or g/ 1 0. 1 1 7 5/ 1 5 2 0-
0 4 6 9( 2 0 0 4) 0 6 1 < 0 5 1 4: G R A H OI > 2. 0. C O; 2, 2 0 0 4.

B ail e y, M. a n d H all ett, J.: I c e cr yst al li n e ar gr o wt h r at es fr o m- 2 0
t o- 7 0 C: C o n fir m ati o n fr o m w a v e cl o u d st u di es, J. At m os. S ci.,
6 9, 3 9 0 – 4 0 2, htt ps:// d oi. or g/ 1 0. 1 1 7 5/J A S- D- 1 1- 0 3 5. 1, 2 0 1 2.

B ail e y, M. P. a n d H all ett, J.: A c o m pr e h e nsi v e h a bit di a gr a m
f or at m os p h eri c i c e cr yst als: C o n fir m ati o n fr o m t h e l a b or at or y,
AI R S II, a n d ot h er fi el d st u di es, J. At m os. S ci., 6 6, 2 8 8 8 – 2 8 9 9,
htt ps:// d oi. or g/ 1 0. 1 1 7 5/ 2 0 0 9J A S 2 8 8 3. 1, 2 0 0 9.

B e n z, S., M e g a h e d, K., M ö hl er, O., S a at h off, H., Wa g n er, R., a n d
S c h ur at h, U.: T- d e p e n d e nt r at e m e as ur e m e nts of h o m o g e n e o us
i c e n u cl e ati o n i n cl o u d dr o pl ets usi n g a l ar g e at m os p h eri c si m-
ul ati o n c h a m b er, J. P h ot o c h e m. P h ot o bi ol. A, 1 7 6, 2 0 8 – 2 1 7,
htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.j p h ot o c h e m. 2 0 0 5. 0 8. 0 2 6, 2 0 0 5.

Br o w n, P. N., B yr n e, G. D., a n d Hi n d m ars h, A. C.: V O D E: A
v ari a bl e- c o ef fi ci e nt O D E s ol v er, SI A M j o ur n al o n s ci e nti fi c a n d
st atisti c al c o m p uti n g, 1 0, 1 0 3 8 – 1 0 5 1, 1 9 8 9.

Br o w n, D., G e or g e, S. M., H u a n g, C., W o n g, E., Ri d er, K. B., S mit h,
R. S., a n d K a y, B. D.: H 2 O c o n d e ns ati o n c o ef fi ci e nt a n d r efr a c-
ti v e i n d e x f or v a p or- d e p osit e d i c e fr o m m ol e c ul ar b e a m a n d o pti-
c al i nt erf er e n c e m e as ur e m e nts, J. P h ys. C h e m., 1 0 0, 4 9 8 8 – 4 9 9 5,
1 9 9 6.

B urt o n, W.- K., C a br er a, N., a n d Fr a n k, F.: T h e gr o wt h
of cr yst als a n d t h e e q uili bri u m str u ct ur e of t h eir s ur-
f a c es, P hil.  Tr a ns.  R. S o c.  L o n d.  A, 2 4 3, 2 9 9 – 3 5 8,
htt ps:// d oi. or g/ 1 0. 1 0 9 8/rst a. 1 9 5 1. 0 0 0 6, 1 9 5 1.

Cl o us er, B. W., L a m b, K. D., S ar k o z y, L. C., H a bi g, J., E b ert,
V., S a at h off, H., M ö hl er, O., a n d M o y er, E. J.: N o a n o m al o us
s u p ers at ur ati o n i n ultr a c ol d cirr us l a b or at or y e x p eri m e nts, At-
m os. C h e m. P h ys., 2 0, 1 0 8 9 – 1 1 0 3, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p-
2 0- 1 0 8 9- 2 0 2 0, 2 0 2 0.

C ott o n, R. J., B e n z, S., Fi el d, P. R., M ö hl er, O., a n d S c h n ait er,
M.: Te c h ni c al N ot e: A n u m eri c al t est- b e d f or d et ail e d i c e n u-
cl e ati o n st u di es i n t h e AI D A cl o u d si m ul ati o n c h a m b er, At-
m os. C h e m. P h ys., 7, 2 4 3 – 2 5 6, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 7-
2 4 3- 2 0 0 7, 2 0 0 7.

Di n h, T., P o d gl aj e n, A., H ert z o g, A., L e gr as, B., a n d Pl o u g o n v e n,
R.: Eff e ct of gr a vit y w a v e t e m p er at ur e fl u ct u ati o ns o n h o m o-
g e n e o us i c e n u cl e ati o n i n t h e tr o pi c al tr o p o p a us e l a y er, At-
m os. C h e m. P h ys., 1 6, 3 5 – 4 6, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 6- 3 5-
2 0 1 6, 2 0 1 6.

F a h e y, D. W., G a o, R.- S., M ö hl er, O., S a at h off, H., S c hill er, C.,
E b ert, V., Kr ä m er, M., P et er, T., A m ar o u c h e, N., A v all o n e, L. M.,
B a u er, R., B o z ó ki, Z., C hrist e ns e n, L. E., D a vis, S. M., D urr y, G.,
D yr off, C., H er m a n, R. L., H u ns m a n n, S., K h a y ki n, S. M., M a c k-
r o dt, P., M e y er, J., S mit h, J. B., S p elt e n, N., Tr o y, R. F., V ö m el,
H., Wa g n er, S., a n d Wi e n h ol d, F. G.: T h e A q u a VI T- 1 i nt er c o m-
p aris o n of at m os p h eri c w at er v a p or m e as ur e m e nt t e c h ni q u es, At-
m os. M e as. Te c h., 7, 3 1 7 7 – 3 2 1 3, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a mt- 7-
3 1 7 7- 2 0 1 4, 2 0 1 4.

F u k ut a, N. a n d Walt er, L.: Ki n eti cs of h y dr o m et e or gr o wt h fr o m a
v a p or-s p h eri c al m o d el, J. At m os. S ci., 2 7, 1 1 6 0 – 1 1 7 2, 1 9 7 0.

G a o, R., P o p p, P., F a h e y, D., M ar c y, T., H er m a n, R., Wei nst o c k,
E., B a u m g ar d n er, D., G arr ett, T., R os e nl of, K., T h o m ps o n, T.,
B ui, P. T., Ri dl e y, B. A., W ofs y, S. C., T o o n, O. B., T ol b ert, M.

A., K är c h er, B., P et er, T. H., H u ds o n, P. K., Wei n h ei m er, A. J.,
a n d H e y ms fi el d, A. J.: E vi d e n c e t h at nitri c a ci d i n cr e as es r el ati v e
h u mi dit y i n l o w-t e m p er at ur e cirr us cl o u ds, S ci e n c e, 3 0 3, 5 1 6 –
5 2 0, htt ps:// d oi. or g/ 1 0. 1 1 2 6/ S CI E N C E. 1 0 9 1 2 5 5, 2 0 0 4.

G a o, R.- S., Gi er c z a k, T., T h or n b err y, T. D., R olli ns, A. W.,
B ur k h ol d er, J. B., Tel g, H., Voi gt, C., P et er, T., a n d
F a h e y, D. W.: P ersist e nt Wat er – Nitri c A ci d C o n d e ns at e
wit h S at ur ati o n Wat er Va p or Pr ess ur e Gr e at er t h a n T h at
of H e x a g o n al I c e, J. P h ys. C h e m. A, 1 2 0, 1 4 3 1 – 1 4 4 0,
htt ps:// d oi. or g/ 1 0. 1 0 2 1/ a cs.j p c a. 5 b 0 6 3 5 7, 2 0 1 5.

Gi er e ns, K. M., M o ni er, M., a n d G a y et, J.- F.: T h e d e p ositi o n c o ef fi-
ci e nt a n d its r ol e f or cirr us cl o u ds, J. G e o p h ys. R es.- At m os., 1 0 8,
4 0 2 9, htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 2 0 0 1J D 0 0 1 5 5 8, 2 0 0 3.

G o n d a, T. a n d G o mi, H.: M or p h ol o gi c al i nst a bilit y of p ol y h e dr al
i c e cr yst als gr o wi n g i n air at l o w t e m p er at ur e, A n n. Gl a ci ol., 6,
2 2 2 – 2 2 4, 1 9 8 5.

H all ett, J. a n d M as o n, B. J.: T h e i n fl u e n c e of t e m p er at ur e
a n d s u p ers at ur ati o n o n t h e h a bit of i c e cr yst als gr o w n
fr o m t h e v a p o ur, Pr o c. R. S o c. L o n d. A, 2 4 7, 4 4 0 – 4 5 3,
htt ps:// d oi. or g/ 1 0. 1 0 9 8/rs p a. 1 9 5 8. 0 1 9 9, 1 9 5 8.

H arri n gt o n, J. Y. a n d P o krif k a, G. F.: A p pr o xi m at e M o d els f or L at-
er al Gr o wt h o n I c e Cr yst al S urf a c es d uri n g Va p or D e p ositi o n al
Gr o wt h, J. At m os. S ci., 7 8, 9 6 7 – 9 8 1, htt ps:// d oi. or g/ 1 0. 1 1 7 5/j as-
d- 2 0- 0 2 2 8. 1, 2 0 2 1.

H arri n gt o n, J. Y., M o yl e, A., H a ns o n, L. E., a n d M orris o n, H.: O n
C al c ul ati n g D e p ositi o n C o ef fi ci e nts a n d As p e ct- R ati o E v ol uti o n
i n A p pr o xi m at e M o d els of I c e Cr yst al Va p or Gr o wt h, J. At m os.
S ci., 7 6, 1 6 0 9 – 1 6 2 5, htt ps:// d oi. or g/ 1 0. 1 1 7 5/J A S- D- 1 8- 0 3 1 9. 1,
htt ps:// d oi. or g/ 1 0. 1 1 7 5/J A S- D- 1 8- 0 3 1 9. 1, 2 0 1 9.

H arris o n, A., M o yl e, A. M., H a ns o n, M., a n d H arri n gt o n, J. Y.: L e v-
it ati o n Diff usi o n C h a m b er M e as ur e m e nts of t h e M ass Gr o wt h of
S m all I c e Cr yst als fr o m Va p or, J. At m os. S ci., 7 3, 2 7 4 3 – 2 7 5 8,
htt ps:// d oi. or g/ 1 0. 1 1 7 5/J A S- D- 1 5- 0 2 3 4. 1, 2 0 1 6.

Hir a n u m a, N., H off m a n n, N., Kis el e v, A., Dr e y er, A., Z h a n g, K.,
K ul k ar ni, G., K o o p, T., a n d M ö hl er, O.: I n fl u e n c e of s urf a c e
m or p h ol o g y o n t h e i m m ersi o n m o d e i c e n u cl e ati o n ef fi ci e n c y
of h e m atit e p arti cl es, At m os. C h e m. P h ys., 1 4, 2 3 1 5 – 2 3 2 4,
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 4- 2 3 1 5- 2 0 1 4, 2 0 1 4 a.

Hir a n u m a, N., P a u k ert, M., St ei n k e, I., Z h a n g, K., K ul k ar ni, G.,
H o os e, C., S c h n ait er, M., S a at h off, H., a n d M ö hl er, O.: A
c o m pr e h e nsi v e p ar a m et eri z ati o n of h et er o g e n e o us i c e n u cl e-
ati o n of d ust s urr o g at e: l a b or at or y st u d y wit h h e m atit e p arti-
cl es a n d its a p pli c ati o n t o at m os p h eri c m o d els, At m os. C h e m.
P h ys., 1 4, 1 3 1 4 5 – 1 3 1 5 8, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 4- 1 3 1 4 5-
2 0 1 4, 2 0 1 4 b.

J är vi n e n, E., J o ur d a n, O., N e u b a u er, D., Ya o, B., Li u, C., A n-
dr e a e, M. O., L o h m a n n, U., We n dis c h, M., M c F ar q u h ar, G.
M., L eis n er, T., a n d S c h n ait er, M.: A d diti o n al gl o b al cli m at e
c o oli n g b y cl o u ds d u e t o i c e cr yst al c o m pl e xit y, At m os. C h e m.
P h ys., 1 8, 1 5 7 6 7 – 1 5 7 8 1, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 8- 1 5 7 6 7-
2 0 1 8, 2 0 1 8.

J e ns e n, E. J., U e y a m a, R., P fist er, L., B ui, T. V., Al e x a n-
d er, M. J., P o d gl aj e n, A., H ert z o g, A., W o o ds, S., L a w-
s o n, R. P., Ki m, J.- E., a n d S c h o e b erl, M. R.: Hi g h-fr e q u e n c y
gr a vit y w a v es a n d h o m o g e n e o us i c e n u cl e ati o n i n tr o pi c al
tr o p o p a us e l a y er cirr us, G e o p h ys. R es. L ett., 4 3, 6 6 2 9 – 6 6 3 5,
htt ps:// d oi. or g/ 1 0. 1 0 0 2/ 2 0 1 6 G L 0 6 9 4 2 6, 2 0 1 6.

K a uf m a n n, S., Voi gt, C., H ell er, R., J ur k at- Wits c h as, T., Kr ä m er,
M., R olf, C., Z ö g er, M., Gi e z, A., B u c h h ol z, B., E b ert, V.,

At m o s. C h e m. P h y s., 2 3, 6 0 4 3 – 6 0 6 4, 2 0 2 3 htt p s:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 2 3- 6 0 4 3- 2 0 2 3



K. D. L a m b et al.: R e- e v al u ati n g cl o u d c h a m b er c o n str ai nt s – P art 1 6 0 6 3

T h or n b err y, T., a n d S c h u m a n n, U.: I nt er c o m p aris o n of mi dl at-
it u d e tr o p os p h eri c a n d l o w er-str at os p h eri c w at er v a p or m e as ur e-
m e nts a n d c o m p aris o n t o E C M W F h u mi dit y d at a, At m os. C h e m.
P h ys., 1 8, 1 6 7 2 9 – 1 6 7 4 5, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 8- 1 6 7 2 9-
2 0 1 8, 2 0 1 8.

Kis el e v, A., B a c h m a n n, F., P e d e vill a, P., C o x, S. J., Mi c h a eli d es,
A., G ert hs e n, D., a n d L eis n er, T.: A cti v e sit es i n h et er o g e n e o us
i c e n u cl e ati o n – t h e e x a m pl e of K-ri c h f el ds p ars, S ci e n c e, 3 5 5,
3 6 7 – 3 7 1, htt ps:// d oi. or g/ 1 0. 1 1 2 6/s ci e n c e. a ai 8 0 3 4, 2 0 1 6.

K o n g, X., T h o ms o n, E. S., P a p a gi a n n a k o p o ul os, P., J o h a nss o n,
S. M., a n d P ett erss o n, J. B.: Wat er a c c o m m o d ati o n o n i c e
a n d or g a ni c s urf a c es: I nsi g hts fr o m e n vir o n m e nt al m ol e c u-
l ar b e a m e x p eri m e nts, J. P h ys. C h e m. B, 1 1 8, 1 3 3 7 8 – 1 3 3 8 6,
htt ps:// d oi. or g/ 1 0. 1 0 2 1/j p 5 0 4 4 0 4 6, 2 0 1 4.

K o o p, T., L u o, B., Tsi as, A., a n d P et er, T.: Wat er a cti vit y as t h e d e-
t er mi n a nt f or h o m o g e n e o us i c e n u cl e ati o n i n a q u e o us s ol uti o ns,
N at ur e, 4 0 6, 6 1 1, htt ps:// d oi. or g/ 1 0. 1 0 3 8/ 3 5 0 2 0 5 3 7, 2 0 0 0.

Kr ä m er, M., R olf, C., S p elt e n, N., Af c hi n e, A., F a h e y, D., J e ns e n,
E., K h a y ki n, S., K u h n, T., L a ws o n, P., L y k o v, A., P a n, L. L.,
Ri es e, M., R olli ns, A., Str o h, F., T h or n b err y, T., W olf, V., W o o ds,
S., S pi c hti n g er, P., Q u a as, J., a n d S o ur d e v al, O.: A mi cr o p h ysi cs
g ui d e t o cirr us – P art 2: Cli m at ol o gi es of cl o u ds a n d h u mi d-
it y fr o m o bs er v ati o ns, At m os. C h e m. P h ys., 2 0, 1 2 5 6 9 – 1 2 6 0 8,
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 2 0- 1 2 5 6 9- 2 0 2 0, 2 0 2 0.

K ur o d a, T. a n d L a c m a n n, R.: Gr o wt h ki n eti cs of i c e fr o m t h e v a p o ur
p h as e a n d its gr o wt h f or ms, J. Cr yst al Gr o wt h, 5 6, 1 8 9 – 2 0 5,
htt ps:// d oi. or g/ 1 0. 1 0 1 6/ 0 0 2 2- 0 2 4 8( 8 2) 9 0 0 2 8- 8, 1 9 8 2.

L a m b, D. a n d C h e n, J.- P.: A n e x p a n d e d p ar a m et eri z ati o n of t h e
gr o wt h of i c e cr yst als b y v a p or d e p ositi o n, i n: Pr e pri nts, C o n-
f er e n c e o n Cl o u d P h ysi cs, 7 5t h A M S A n n u al M e eti n g, 1 5 – 2 0
J a n u ar y 1 9 9 5, D all as, T X, 3 8 9 – 3 9 2, 1 9 9 5.

L a m b,  D. a n d S c ott,  W.  D.:  T h e  m e c h a nis m of
i c e cr yst al gr o wt h a n d h a bit f or m ati o n, J.  At-
m os. S ci., 3 1, 5 7 0 – 5 8 0, htt ps:// d oi. or g/ 1 0. 1 1 7 5/ 1 5 2 0-
0 4 6 9( 1 9 7 4) 0 3 1 < 0 5 7 0: T M OI C G > 2. 0. C O; 2, 1 9 7 4.

L a m b,  K.  D.:  D e p ositi o n al I c e  Gr o wt h  A n al y-
sis f or Is o Cl o u d  E x p eri m e nts,  Z e n o d o [ c o d e],
htt ps:// d oi. or g/ 1 0. 5 2 8 1/ z e n o d o. 7 9 8 6 9 5 3, 2 0 2 3.

L a m b, K. D., Cl o us er, B. W., B ol ot, M., S ar k o z y, L., E b ert, V.,
S a at h off, H., M ö hl er, O., a n d M o y er, E. J.: L a b or at or y m e as ur e-
m e nts of H D O/ H 2 O is ot o pi c fr a cti o n ati o n d uri n g i c e d e p ositi o n
i n si m ul at e d cirr us cl o u ds, P. N atl. A c a d. S ci. U S A, 1 1 4, 5 6 1 2 –
5 6 1 7, htt ps:// d oi. or g/ 1 0. 1 0 7 3/ p n as. 1 6 1 8 3 7 4 1 1 4, 2 0 1 7.

L a m b, K. D., H arri n gt o n, J. Y., Cl o us er, B. W., M o y er, E. J.,
S ar k o z y, L., E b ert, V., M o e hl er, O., a n d S a at h off, H.: Is o Cl o u d 4
D at a S ets f or D e p ositi o n al I c e Gr o wt h A n al ysis, Z e n o d o [ d at a
s et], htt ps:// d oi. or g/ 1 0. 5 2 8 1/ z e n o d o. 7 9 8 6 8 6 8, 2 0 2 3.

L a u er, C.: A uf b a u u n d Vali di er u n g ei n es k ali br ati o nsfr ei e n, e xtr a k-
ti v e n 1. 4 µ m- L as er h y gr o m et ers f ür d e n Ei ns at z a n d er A er os ol k a-
m m er AI D A, P h D t h esis, P h D t h esis, 2 0 0 7.

L a ws o n, R. P., K or ol e v, A., C o b er, S., H u a n g, T., Str a p p, J., a n d
Is a a c, G.: I m pr o v e d m e as ur e m e nts of t h e dr o p si z e distri b uti o n
of a fr e e zi n g dri z zl e e v e nt, At m os. R es., 4 7, 1 8 1 – 1 9 1, 1 9 9 8.

L e wis, B.: T h e gr o wt h of cr yst als at l o w s u p ers at ur ati o n: II. C o m-
p aris o n wit h e x p eri m e nt, J. Cr yst al Gr o wt h, 2 1, 4 0 – 5 0, 1 9 7 4.

Li b br e c ht, K. G.: E x pl ai ni n g t h e f or m ati o n of t hi n i c e cr yst al pl at es
wit h str u ct ur e- d e p e n d e nt att a c h m e nt ki n eti cs, J. Cr yst al Gr o wt h,
2 5 8, 1 6 8 – 1 7 5, htt ps:// d oi. or g/ 1 0. 1 0 1 6/ S 0 0 2 2- 0 2 4 8( 0 3) 0 1 4 9 6- 9,
2 0 0 3.

Li b br e c ht, K. G.: A criti c al l o o k at i c e cr yst al gr o wt h d at a, ar Xi v
pr e pri nt, c o n d- m at/ 0 4 1 1 6 6 2, 2 0 0 4.

Li b br e c ht, K. G.: T h e p h ysi cs of s n o w cr yst als, R e p orts o n
pr o gr ess i n p h ysi cs, 6 8, 8 5 5, htt ps:// d oi. or g/ 1 0. 1 0 8 8/ 0 0 3 4-
4 8 8 5/ 6 8/ 4/ R 0 3, 2 0 0 5.

Li b br e c ht,  K.  G. a n d  Ri c k er b y,  M.  E.:  M e as ur e-
m e nts of s urf a c e att a c h m e nt ki n eti cs f or f a c et e d
i c e cr yst al gr o wt h, J.  Cr yst al  Gr o wt h, 3 7 7, 1 – 8,
htt ps:// d oi. or g/ 1 0. 1 0 1 6/J.J C R Y S G R O. 2 0 1 3. 0 4. 0 3 7, 2 0 1 3.

Li n, R.- F., St arr, D. O., D e M ott, P. J., C ott o n, R., S ass e n,
K., J e ns e n, E., K är c h er, B., a n d Li u, X.: Cirr us p ar c el
m o d el c o m p aris o n pr oj e ct. P h as e 1: T h e criti c al c o m-
p o n e nts t o si m ul at e cirr us i niti ati o n e x pli citl y, J.  At-
m os. S ci., 5 9, 2 3 0 5 – 2 3 2 9, htt ps:// d oi. or g/ 1 0. 1 1 7 5/ 1 5 2 0-
0 4 6 9( 2 0 0 2) 0 5 9 < 2 3 0 5: c p m c p p > 2. 0. c o; 2, 2 0 0 2.

M a g e e, N., M o yl e, A. M., a n d L a m b, D.: E x p eri m e nt al d e-
t er mi n ati o n of t h e d e p ositi o n c o ef fi ci e nt of s m all cirr us-li k e
i c e cr yst als n e ar- 5 0 ◦ C, G e o p h ys. R es. L ett., 3 3, L 1 7 8 1 3,
htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 2 0 0 6 G L 0 2 6 6 6 5, 2 0 0 6.

M a g e e, N., B o a g gi o, K., St as ki e wi c z, S., L y n n, A., Z h a o, X.,
T us a y, N., S c h u h, T., B a n d a m e d e, M., B a n cr oft, L., C o n n ell y,
D., H url er, K., Mi n er, B., a n d K h o u d ar y, E.: C a pt ur e d cirr us i c e
p arti cl es i n hi g h d e fi niti o n, At m os. C h e m. P h ys., 2 1, 7 1 7 1 – 7 1 8 5,
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 2 1- 7 1 7 1- 2 0 2 1, 2 0 2 1.

M as o n, B.: T h e P h ysi cs of Cl o u ds, Cl ar e n d o n Pr ess, 2 n d e d n.,
I S B N 0 1 9 8 5 1 6 0 3 7, 1 9 7 1.

Mi n g, N.- B., Ts u k a m ot o, K., S u n a g a w a, I., a n d C h er n o v, A.: St a c k-
i n g f a ults as s elf- p er p et u ati n g st e p s o ur c es, J. Cr yst al Gr o wt h, 9 1,
1 1 – 1 9, htt ps:// d oi. or g/ 1 0. 1 0 1 6/ 0 0 2 2- 0 2 4 8( 8 8) 9 0 3 6 0- 0, 1 9 8 8.

M ö hl er, O., Fi el d, P. R., C o n n oll y, P., B e n z, S., S a at h off, H.,
S c h n ait er, M., Wa g n er, R., C ott o n, R., Kr ä m er, M., M a n g ol d, A.,
a n d H e y ms fi el d, A. J.: Ef fi ci e n c y of t h e d e p ositi o n m o d e i c e n u-
cl e ati o n o n mi n er al d ust p arti cl es, At m os. C h e m. P h ys., 6, 3 0 0 7 –
3 0 2 1, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 6- 3 0 0 7- 2 0 0 6, 2 0 0 6.

M o or e, E. B. a n d M oli n er o, V.: Is it c u bi c ? I c e cr yst alli z ati o n fr o m
d e e pl y s u p er c o ol e d w at er, P h ys. C h e m. C h e m. P h ys., 1 3, 2 0 0 0 8 –
2 0 0 1 6, htt ps:// d oi. or g/ 1 0. 1 0 3 9/ c 1 c p 2 2 0 2 2 e, 2 0 1 1 a.

M o or e, E. B. a n d M oli n er o, V.: Str u ct ur al tr a nsf or m ati o n i n s u p er-
c o ol e d w at er c o ntr ols t h e cr yst alli z ati o n r at e of i c e, N at ur e, 4 7 9,
5 0 6, htt ps:// d oi. or g/ 1 0. 1 0 3 8/ n at ur e 1 0 5 8 6, 2 0 1 1 b.

M orris o n, H., v a n Li er- Wal q ui, M., Fri dli n d, A. M., Gr a b o ws ki,
W. W., H arri n gt o n, J. Y., H o os e, C., K or ol e v, A., K u mji a n,
M. R., Mil br a n dt, J. A., P a wl o ws k a, H., P oss elt, D., Pr at, O. P.,
R ei m el, K. J., S hi m a, S.-I., v a n Di e d e n h o v e n, B., a n d X u e, L.:
C o nfr o nti n g t h e c h all e n g e of m o d eli n g cl o u d a n d pr e ci pit ati o n
mi cr o p h ysi cs, J. A d v. M o d el. E art h S y., 1 2, e 2 0 1 9 M S 0 0 1 6 8 9,
htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 2 0 1 9 M S 0 0 1 6 8 9, 2 0 2 0.

M ur p h y, D. M. a n d K o o p, T.: R e vi e w of t h e v a p o ur pr ess ur es of i c e
a n d s u p er c o ol e d w at er f or at m os p h eri c a p pli c ati o ns, Q. J. R o y.
M et e or. S o c., 1 3 1, 1 5 3 9 – 1 5 6 5, 2 0 0 5.

M urr a y, B. J., K n o pf, D. A., a n d B ertr a m, A. K.: T h e f or m ati o n of
c u bi c i c e u n d er c o n diti o ns r el e v a nt t o E art h’s at m os p h er e, N a-
t ur e, 4 3 4, 2 0 2, htt ps:// d oi. or g/ 1 0. 1 0 3 8/ n at ur e 0 3 4 0 3, 2 0 0 5.

M urr a y, B. J., S al z m a n n, C. G., H e y ms fi el d, A. J., D o b bi e, S.,
N e el y III, R. R., a n d C o x, C. J.: Tri g o n al i c e cr yst als i n
E art h’s at m os p h er e, B. A m. M et e or ol. S o c., 9 6, 1 5 1 9 – 1 5 3 1,
htt ps:// d oi. or g/ 1 0. 1 1 7 5/ B A M S- D- 1 3- 0 0 1 2 8. 1, 2 0 1 5.

N a c h b ar, M., D uft, D., a n d L eis n er, T.: T h e v a p or pr ess ur e of li q ui d
a n d s oli d w at er p h as es at c o n diti o ns r el e v a nt t o t h e at m os p h er e,

htt p s:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 2 3- 6 0 4 3- 2 0 2 3 At m o s. C h e m. P h y s., 2 3, 6 0 4 3 – 6 0 6 4, 2 0 2 3



6 0 6 4  K. D. L a m b et al.: R e- e v al u ati n g cl o u d c h a m b er c o n str ai nt s – P art 1

J. C h e m. P h ys., 1 5 1, 0 6 4 5 0 4, htt ps:// d oi. or g/ 1 0. 1 0 6 3/ 1. 5 1 0 0 3 6 4,
2 0 1 9.

N els o n, J.: I nt er a cti v e c o m m e nt o n “ S u p ers at ur ati o n, d e h y dr ati o n,
a n d d e nitri fi c ati o n i n Ar cti c cirr us ” b y B. K är c h er, At m os. C h e m.
P h ys. Dis c uss., 5, S 2 5 7 – S 2 6 0, 2 0 0 5.

N els o n, J. a n d B a k er, M.: N e w t h e or eti c al fr a m e w or k f or st u d-
i es of v a p or gr o wt h a n d s u bli m ati o n of s m all i c e cr yst als i n
t h e at m os p h er e, J. G e o p h ys. R es.- At m os., 1 0 1, 7 0 3 3 – 7 0 4 7,
htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 9 5J D 0 3 1 6 2, 1 9 9 6.

N els o n, J. a n d  K ni g ht,  C.: S n o w cr yst al h a bit
c h a n g es e x pl ai n e d b y l a y er n u cl e ati o n, J.  At m os.
S ci., 5 5, 1 4 5 2 – 1 4 6 5, htt ps:// d oi. or g/ 1 0. 1 1 7 5/ 1 5 2 0-
0 4 6 9( 1 9 9 8) 0 5 5 < 1 4 5 2: S C H C E B > 2. 0. C O; 2, 1 9 9 8.

P o krif k a, G. F., M o yl e, A. M., H a ns o n, L. E., a n d H arri n gt o n,
J. Y.: Esti m ati n g S urf a c e Att a c h m e nt Ki n eti c a n d Gr o wt h Tr a nsi-
ti o n I n fl u e n c es o n Va p or- Gr o w n I c e Cr yst als, J. At m os. S ci., 7 7,
2 3 9 3 – 2 4 1 0, htt ps:// d oi. or g/ 1 0. 1 1 7 5/j as- d- 1 9- 0 3 0 3. 1, 2 0 2 0.

Pr att e, P., v a n d e n B er g h, H., a n d R ossi, M. J.: T h e ki n eti cs of
H 2 O v a p or c o n d e ns ati o n a n d e v a p or ati o n o n diff er e nt t y p es of
i c e i n t h e r a n g e 1 3 0 – 2 1 0 K, J. P h ys. C h e m. A, 1 1 0, 3 0 4 2 – 3 0 5 8,
htt ps:// d oi. or g/ 1 0. 1 0 2 1/J P 0 5 3 9 7 4 S, 2 0 0 6.

Pr u p p a c h er, H. R. a n d Kl ett, J. D.: Mi cr o p h ysi cs of Cl o u ds a n d Pr e-
ci pit ati o n, 2 n d e d n., Kl u w er A c a d e mi c P u blis h ers, I S B N 0- 7 9 2 3-
4 2 1 1- 9, 1 9 9 7.

R a n d el, W. J. a n d J e ns e n, E. J.: P h ysi c al pr o c ess es i n t h e tr o pi-
c al tr o p o p a us e l a y er a n d t h eir r ol es i n a c h a n gi n g cli m at e, N at.
G e os ci., 6, 1 6 9 – 1 7 6, htt ps:// d oi. or g/ 1 0. 1 0 3 8/ N G E O 1 7 3 3, 2 0 1 3.

S ar k o z y, L. C., Cl o us er, B. W., L a m b, K. D., St ut z, E. J., S a at h off,
H., M o e hl er, O., E b ert, V., a n d M o y er, E. J.: T h e C hi c a g o Wa-
t er Is ot o p e S p e ctr o m et er ( C hi WI S-l a b): A t u n a bl e di o d e l as er
s p e ctr o m et er f or c h a m b er- b as e d m e as ur e m e nts of w at er v a p or
is ot o pi c e v ol uti o n d uri n g cirr us f or m ati o n, R e v. S ci. I nstr., 9 1,
0 4 5 1 2 0, htt ps:// d oi. or g/ 1 0. 1 0 6 3/ 1. 5 1 3 9 2 4 4, 2 0 2 0.

S a z a ki, G., Z e p e d a, S., N a k ats u b o, S., Yo k o y a m a, E., a n d F u-
r u k a w a, Y.: El e m e nt ar y st e ps at t h e s urf a c e of i c e cr yst als vis u al-
i z e d b y a d v a n c e d o pti c al mi cr os c o p y, P. N atl. A c a d. S ci. U S A,
1 0 7, 1 9 7 0 2 – 1 9 7 0 7, htt ps:// d oi. or g/ 1 0. 1 0 7 3/ p n as. 1 0 0 8 8 6 6 1 0 7,
2 0 1 0.

S a z a ki, G., As a k a w a, H., N a g as hi m a, K., N a k ats u b o, S., a n d F u-
r u k a w a, Y.: D o u bl e s pir al st e ps o n I h i c e cr yst al s urf a c es gr o w n
fr o m w at er v a p or j ust b el o w t h e m elti n g p oi nt, Cr yst. Gr o wt h
D es., 1 4, 2 1 3 3 – 2 1 3 7, htt ps:// d oi. or g/ 1 0. 1 0 2 1/ C G 4 0 1 4 4 4 8, 2 0 1 4.

S c h mitt, C. G., H e y ms fi el d, A. J., C o n n oll y, P., J är vi n e n,
E., a n d S c h n ait er, M.: A gl o b al vi e w of at m os p h eri c i c e
p arti cl e c o m pl e xit y, G e o p h ys. R es. L ett., 4 3, 1 1 9 1 3 – 1 1 9 2 0,
htt ps:// d oi. or g/ 1 0. 1 0 0 2/ 2 0 1 6 G L 0 7 1 2 6 7, 2 0 1 6.

S c h n ait er, M., J är vi n e n, E., Vo c h e z er, P., A b d el m o n e m, A., Wa g-
n er, R., J o ur d a n, O., Mi o c h e, G., S h c h er b a k o v, V. N., S c h mitt,
C. G., Tri c oli, U., Ul a n o ws ki, Z., a n d H e y ms fi el d, A. J.: Cl o u d
c h a m b er e x p eri m e nts o n t h e ori gi n of i c e cr yst al c o m pl e x-
it y i n cirr us cl o u ds, At m os. C h e m. P h ys., 1 6, 5 0 9 1 – 5 1 1 0,
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 6- 5 0 9 1- 2 0 1 6, 2 0 1 6.

S c h n ait er, M., J är vi n e n, E., A b d el m o n e m, A., a n d L eis n er, T.:
P HI P S- H A L O: t h e air b or n e p arti cl e h a bit i m a gi n g a n d p ol ar
s c att eri n g pr o b e – P art 2: C h ar a ct eri z ati o n a n d first r es ults, At-
m os. M e as. Te c h., 1 1, 3 4 1 – 3 5 7, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a mt- 1 1-
3 4 1- 2 0 1 8, 2 0 1 8.

S c h ö n, R., S c h n ait er, M., Ul a n o ws ki, Z., S c h mitt, C., B e n z, S.,
M ö hl er, O., Vo gt, S., Wa g n er, R., a n d S c h ur at h, U.: P arti cl e h a bit

i m a gi n g usi n g i n c o h er e nt li g ht: a first st e p t o w ar d a n o v el i nstr u-
m e nt f or cl o u d mi cr o p h ysi cs, J. At m os. O c e a n. Te c h., 2 8, 4 9 3 –
5 1 2, 2 0 1 1.

S c hr o m, R. S., v a n Li er- Wal q ui, M., K u mji a n, M. R., H arri n gt o n,
J. Y., J e ns e n, A. A., a n d C h e n, Y.- S.: R a d ar- B as e d B a y esi a n Esti-
m ati o n of I c e Cr yst al Gr o wt h P ar a m et ers wit hi n a Mi cr o p h ysi c al
M o d el, J. At m os. S ci., 7 8, 5 4 9 – 5 6 9, htt ps:// d oi. or g/ 1 0. 1 1 7 5/J A S-
D- 2 0- 0 1 3 4. 1, 2 0 2 1.

S ei nf el d, J. H. a n d P a n dis, S. N.: At m os p h eri c c h e mistr y a n d
p h ysi cs: fr o m air p oll uti o n t o cli m at e c h a n g e, J o h n Wil e y &
S o ns, 2 n d e d n., I S B N- 1 0 0 4 7 1 7 2 0 1 8 6, 2 0 1 6.

S kr ot z ki, J.: Hi g h- a c c ur a c y m ulti p h as e h u mi dit y m e as ur e m e nts us-
i n g T D L A S: a p pli c ati o n t o t h e i n v esti g ati o n of i c e gr o wt h i n si m-
ul at e d cirr us cl o u ds, P h D t h esis, 2 0 1 2.

S kr ot z ki, J., C o n n oll y, P., S c h n ait er, M., S a at h off, H., M ö hl er,
O., Wa g n er, R., Ni e m a n d, M., E b ert, V., a n d L eis n er, T.: T h e
a c c o m m o d ati o n c o ef fi ci e nt of w at er m ol e c ul es o n i c e – cir-
r us cl o u d st u di es at t h e AI D A si m ul ati o n c h a m b er, At m os.
C h e m. P h ys., 1 3, 4 4 5 1 – 4 4 6 6, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 3-
4 4 5 1- 2 0 1 3, 2 0 1 3.

S pi c hti n g er, P. a n d Kr ä m er, M.: Tr o pi c al tr o p o p a us e i c e cl o u ds: a
d y n a mi c a p pr o a c h t o t h e m yst er y of l o w cr yst al n u m b ers, At-
m os. C h e m. P h ys., 1 3, 9 8 0 1 – 9 8 1 8, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p-
1 3- 9 8 0 1- 2 0 1 3, 2 0 1 3.

Va ut ar d, R. a n d G hil, M.: Si n g ul ar s p e ctr u m a n al ysis i n n o nli n e ar
d y n a mi cs, wit h a p pli c ati o ns t o p al e o cli m ati c ti m e s eri es, P h ysi c a
D, 3 5, 3 9 5 – 4 2 4, htt ps:// d oi. or g/ 1 0. 1 0 1 6/ 0 1 6 7- 2 7 8 9( 8 9) 9 0 0 7 7- 8,
1 9 8 9.

Voi gtl ä n d er, J., C h o u, C., Bi eli g k, H., Cl a uss, T., H art m a n n, S.,
H er e n z, P., Ni e d er m ei er, D., Ritt er, G., Str at m a n n, F., a n d
Ul a n o ws ki, Z.: S urf a c e r o u g h n ess d uri n g d e p ositi o n al gr o wt h
a n d s u bli m ati o n of i c e cr yst als, At m os. C h e m. P h ys., 1 8, 1 3 6 8 7 –
1 3 7 0 2, htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 8- 1 3 6 8 7- 2 0 1 8, 2 0 1 8.

Wa g n er, R., B e n z, S., B u n z, H., M ö hl er, O., S a at h off, H.,
S c h n ait er, M., L eis n er, T., a n d E b ert, V.: I nfr ar e d o pti c al
c o nst a nts of hi g hl y dil ut e d s ulf uri c a ci d s ol uti o n dr o pl ets at
cirr us t e m p er at ur es, J. P h ys. C h e m. A, 1 1 2, 1 1 6 6 1 – 1 1 6 7 6,
htt ps:// d oi. or g/ 1 0. 1 0 2 1/j p 8 0 6 6 1 0 2, 2 0 0 8.

Wa g n er, R., Li n k e, C., N a u m a n n, K.- H., S c h n ait er, M., Vr a g el, M.,
G a n gl, M., a n d H or v at h, H.: A r e vi e w of o pti c al m e as ur e m e nts at
t h e a er os ol a n d cl o u d c h a m b er AI D A, J. Q u a nt. S p e ctr os c. R a.,
1 1 0, 9 3 0 – 9 4 9, htt ps:// d oi. or g/ 1 0. 1 0 1 6/J.J Q S R T. 2 0 0 9. 0 1. 0 2 6,
2 0 0 9.

W o o d, S. E., B a k er, M. B., a n d C al h o u n, D.: N e w m o d el
f or t h e v a p or gr o wt h of h e x a g o n al i c e cr yst als i n t h e
at m os p h er e, J.  G e o p h ys.  R es.- At m os., 1 0 6, 4 8 4 5 – 4 8 7 0,
htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 2 0 0 0J D 9 0 0 3 3 8, 2 0 0 1.

Yo k o y a m a, E. a n d K ur o d a, T.: P att er n f or m ati o n i n gr o wt h
of s n o w cr yst als o c c urri n g i n t h e s urf a c e ki n eti c pr o c ess
a n d t h e diff usi o n pr o c ess, P h ys. R e v. A, 4 1, 2 0 3 8 – 2 0 4 9,
htt ps:// d oi. or g/ 1 0. 1 1 0 3/ p h ysr e v a. 4 1. 2 0 3 8, 1 9 9 0.

Z h a n g, C. a n d H arri n gt o n, J. Y.: I n cl u di n g s urf a c e ki n eti c eff e cts i n
si m pl e m o d els of i c e v a p or diff usi o n, J. At m os. S ci., 7 1, 3 7 2 –
3 9 0, htt ps:// d oi. or g/ 1 0. 1 1 7 5/J A S- D- 1 3- 0 1 0 3. 1, 2 0 1 4.

Z h a n g, C. a n d H arri n gt o n, J. Y.: T h e eff e cts of s urf a c e ki-
n eti cs o n cr yst al gr o wt h a n d h o m o g e n e o us fr e e zi n g i n p ar-
c el si m ul ati o ns of cirr us, J. At m os. S ci., 7 2, 2 9 2 9 – 2 9 4 6,
htt ps:// d oi. or g/ 1 0. 1 1 7 5/J A S- D- 1 4- 0 2 8 5. 1, 2 0 1 5.

At m o s. C h e m. P h y s., 2 3, 6 0 4 3 – 6 0 6 4, 2 0 2 3 htt p s:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 2 3- 6 0 4 3- 2 0 2 3


	Abstract
	Introduction
	Models for depositional ice growth in cirrus conditions
	Cloud chamber experiments of depositional ice growth for T<235K
	Modeling depositional ice growth in AIDA
	Model results under different assumptions for surface kinetic effects
	Sensitivity to surface kinetic effects (D=const.) 
	Modeling deposition coefficient with parameterization from Nelson1996
	Heterogeneous and homogeneous nucleation for experiments at T205K
	Comparison of models and observations as a function of temperature

	Conclusions
	Appendix A: List of abbreviations used in the text
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

