w

Q

o

Normalized Standard Deviation

Figure S1:

Same as Fig. 2, but for clou

radiative effects.

s N WCMIP5-MME 5 &N WCMIP5—MME

o 1529 & @VIRI-CGCMS T CAR. @VIRI-CGOMS
5 < o SMRI_ESM2.0 5 S o @MRI_ESM2.0
D125 e % 2 1.25} Ne
F ’\A"o > AT,
a N o o o,
o 1 ) o 1+ 20,
2 g P o2 %
S . ¥ 9 * N\
5075 * e s 50.75 Yo%, 0o
o + 0 °
n b 23 » o \
v 0.5 . 09° D 0.5} #t uhe + 10.9%
Py o4
° A © |
go.2s| | 0.09 go2s; 0.99
5| ‘ 5 ‘
2 0\7 | z 0! I |

0 025 0.5 075 1 _1.25 1.8 0 0.25 0.5 075 1 _1.25 1.8

Normalized Standard Deviation

Normalized Standard Deviation

b WCMIPS —MME
1:87-S e 2 @ViRI-CGCM3
= & g ®MRI-ESM2.0
ol
1.25 e %
Ae,
| R
o™
Y \
0.75}
# g;,*!
o ul
0.5} #N}f
"
0.25} | 0.99
|
% 025 05 075 1 _1.25 1.8

Normalized Standard Deviation

d radiative effects: (a) shortwave, (b) longwave, and (c) net cloud



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

A. Derivation of velocities of falling cloud ice

A.1 Terminal velocity of cloud ice particles and mass equivalent diameter

The mass equivalent diameter D, (cm)? is defined as follows using mass M (g):

M = pice 2 D’ (S1)
where pice (g cm™) is the density of ice and pice = 0.91 (g cm™) is used here.

On the other hand, Heymsfield and laquinta (2000) proposed the mass of each cloud ice
particle M (g) and the terminal velocity V: (cm s™1) as functions of the maximum length D, (cm),
with M(D.) given by:

M(D,) = aD;? (S2)
Values of « and g vary depending on the crystal shape of cloud ice. Columns for Dy < 0.01 (cm)
and bullet rosettes for Dy > 0.01 (cm) are assumed in this study in accordance with
Zurovac-Jevtic and Zhang (2003). Based on the above assumptions, the values for columns a =
1.649 x 102 and B = 2.20 are used for Dn, < 0.01 (cm), and the values for bullet rosettes o = 3.99
x 107n, and B = 2.27 are used for Dy, > 0.01 (cm) (Zurovac-Jevtic and Zhang 2003) where ny is
the number of bullets in a rosette and n, = 2 is assumed here. Then V;(D.) is given by:

Vi(D,) = xD,” (S3)
Though x and y vary depending on the shapes of cloud ice, the values for columns x = 3086 and
y = 1.26 are used for Dy < 0.01 (cm), and the values for bullet rosettes x = 492 and y = 0.70 are
used for Dy > 0.01 (cm) under the same assumptions as mentioned above (Zurovac-Jevtic and
Zhang, 2003).

Eq. (S3) can be written as follows using Eq. (S1) and Eqg. (S2):

1 In Supplement A, the CGS system of units is used in the derivation in order to refer directly to

the original papers. However, as an exception we use the unit kg m2 for ice water content IWC.
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. 3\ g
Ve(Dyy) = x (PRicelm ) (s4)

A.2 Size-distribution function of cloud ice

McFarquhar and Heymsfield (1997; hereafter MH97) derived a number distribution
function N (D) for particles with mass-equivalent diameter Dy, based on observations of cirrus.
This subsection is a brief extract from MH97.

N (Dn) for Dy < 0.01 (cm) is as follows:

5
6IWCa1@<100”Dm

N(Dm) - TPicel (5)

exp(—a<100Dm) (S5)
where T is the gamma function and IWC, is ice water content (kg m~3) for the whole cloud ice.

a<100 IS @ parameter that determines the shape of the distribution, and it can be represented as

follows using ice water content with size smaller than 0.01cm, IWC<ioo (kg m™3).

IWC
<100 = bg — Mmglogyg (ﬁclom) (S6)

where b, = —49.9 + 55.0 (cm™), m, = 494 + 29 (cm™?) and IWCp = 1 x 1073 (kg m™3). These
equations mean that the peak of the distribution moves toward a larger value of Dy with
increasing ice water content with size smaller than 0.01cm, IWCx<igo

For Dm > 0.01 (cm), the distribution is as follows:

2
log2m—y
N(Dp) = = L exp [—§<—> ] (s7)

> 9 2 3 o
n2pice\/7exp<3u>100+50>100 )Dm0>100D0 >100

where Do = 1 x 10 (cm), and w100 and o>100 are parameters that determine the peak and the
width of the distribution, respectively. These are given as follows in terms of ice water content

with size larger than 0.01cm, IWCs1q0 (kg m~3).
IwcC
H>100 = @ (T) + by (T)logyg (—IWEZOO) (S8)

IwcC
05100 = g (T) + by (Mlogyp (222 (59)
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where a,(T), b.(T) and a«(T), b,(T) are constants that depend on temperature. In this study, a,=
5.148, b, = 0.089, a,=0.396 and b,=0.044 are adopted (values for —50°C < T < —40 °C were
chosen as representative values for cirrus ice). These equations mean that the peak of the
distribution moves toward a larger value of Dy, and the width of the distribution expands as ice
water content whose size is larger than 0.01cm, IWCs100, becomes greater.

On the other hand, IWC<0 can be calculated as follows:

b
IWC.140 = min [IWCT,a (i"v‘ézz) ] (S10)

where a and b are constants taken as 2.52 x 10* (kg m™®) and 0.837, respectively, and IWCr is
ice water content (kg m™3) for the whole cloud ice. IWCs100 can be calculated from the relation
IWCt= IWC<100 + IWCs100. The term ¢ in the text refers to the ratio IWC<i00/ IWC+; this a; is

shown in Fig. S2 in this supplement.

1 Figure S2:
0.8 Ratio of particles smaller than 100 pum to total
0.6 | ice water content, ai (MH97). The abscissa
S shows total ice water content IWC+ (kg m™3).
04 r
0.2 .
107 10®  10° 10*

lce Water Content [kg/m3]
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A.3 Velocities of falling cloud ice

The procedure in the following derivation is similar to Zurovac-Jevtic and Zhang (2003).
Although they derived one velocity, two separate velocities that correspond to small and large

particles are derived here.

A.3.1 Fall velocity for ice particles smaller than 100 pm

Bulk fall velocity for cloud ice particles smaller than 0.01cm, vi, was derived as follows by

integration using Eq. (S4) and Eq. (S5).

0.01cm T
v = f Ve(D)N (D) pice gDm3dDm/IWC<100
0

3y

y
_IwG, Tpice \B 0.0l 4+
= Dl (Tpice 7 (PO1<00 (S exp(—0)dt/IWCayop  (S1D)

On the other hand, the relation between IWCciqo and IWCy is as follows (t = a<i00 D), using Eq.

(S5):

0.01cm

T
Weaao= [ N pice g Pn*dDp

0

IWCy 0.0l
= _F(S)“ Jo T t*exp(—t)dt (S12)

This relationship should be used because the number distribution function for Dy, < 0.01 (cm)
still has a non-negligible value in the region where Dy, is larger than 0.01 cm. Using Eqg. (S11)
and Eq. (S12), vi can be written as follows:

3y
Y c0.01 4+
— TPice ﬁfo 100y B exp(-t)at
Vi = 3

0.01<100 ;4 _
Jo t*exp(—t)dt

(S13)

6aa<100
Because a<100 given by Eq. (S6) is a function of IWC<q, the ratio of the two integrations in

Eq. (S13) can be derived as a function of IWC<i0 numerically. It was fitted by IWC«io as

follows:
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3y
. 4+
foo 01@<100 4R oyp(—t)dt

0.01
N <100 14 oxp(—t)dt

= 17.86 exp(—1.211 X 10*IWC40 + 3.64 X 107IWC_140°)

Then Eq. (S13) results in the following:

T Pjce B

v = 17.86x< 3> exp(—1.211 X 10*IWC.190 + 3.64 X 107IWCy0°)

A<100
The final form was derived by fitting the above equation by IWC<io0 again (note that the unit of

vi is (m s in this final form).

v; = 1.561WCq00°%*

A.3.2 Fall velocity for ice particles larger than 100 pm

Bulk fall velocity for cloud ice particles larger than 0.01 cm, vs, was derived as follows by
integration using Eq. (S4) and Eq. (S7). The function was integrated over the whole size range
because the number distribution function has a value small enough in the range smaller than
0.01 cm and the contribution of that part to the derived velocity is insignificant. In this case, the

integration simplifies as:
Vs = Vt(Dm)N(Dm) Pice g Dm dDm/IWCall
0.01cm

«© T
~ f Ve (Dm)N (Dyy) Pice g DdeDm/IWCall
0

™I

X 3 y 3
_ T Pice\B U>100t35| 245 05100°
= x(—6a ) <Doe( ( B) )>

The equation above can be modified as follows by substituting Eq. (S8) and Eqg. (S9), and
then by fitting using IWCs100 (note that the unit of vs is (m s7%) in this final form):

Vg = 2.23IWCs 100 %7*



