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Table 1. (H13)

TABLE 1. Main differences in the six model configurations used. “Smagorinsky”™ refers to the Smagorinsky-Lilly-type turbulence scheme
used in some of the model versions, and “boundary layer™ refers to the standard boundary layer subgrid mixing scheme.

Horizontal grid Vertical
spacing (km) levels Convection Horizontal subgrid mixing Vertical subgrid mixing
40 km 40 38 Parameterized None Boundary layer
12-km param 12 38 Parameterized None Boundary layer
12-km 3Dsmag 12 38 Explicit Smagorinsky Smagorinsky
12-km 2Dsmag 12 38 Explicit Smagorinsky Boundary layer
4-km 3Dsmag 4 70 Explicit Smagorinsky Smagorinsky
4-km 2Dsmag 4 70 Explicit Smagorinsky Boundary layer
Added in H15:

12-km param (1.5 ent)
40-km param (1.5 ent)

1.5 ent:
The convective parameterization with 1.5 times the mixing entrainment (and mixing

detrainment) rate of the other parameterized convection runs.



and 12-km param models, we define a subgrid heating
term Q¢, not including radiation, as in Eq. (5) of H12
(except, in that paper, Q¢ was labeled as Q;):

1 _ L, Ilopw'e
EQC - Cp (C ) = 0z ) (1)

where c,, is the specific heat capacity for dry air at con-
stant pressure, L is the latent heat of condensation, c is
condensation, e is evaporation of condensate (only
liquid-vapor phase transitions are included in the
equations for simplicity, although, in the model calcu-
lations, ice-phase transitions are also accounted for), 6 is
potential temperature, w is the vertical velocity, p is the
density, z is height, II is the Exner function defined as
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R is the gas constant for dry air, p is the pressure, and
po = 1000 hPa is the reference pressure. We designate X’
as the anomaly of quantity X from X, which is the hor-
izontal average of X at a single level and time over the
large scale (1° in latitude and longitude in this case). As

First term (RHS):
m convective parameterization

m boundary layer/large-scale cloud

(vertical subgrid turbulence mixing,

surface sensible heat flux)
m large-scale precipitation

m horizontal subgrid turbulence
mixing (only 4-km 3Dsmag model).

Last term (RHS):
m advection scheme

m subgrid vertical transport
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FIG. 1. Daily mean (a)—(c) precipitation equivalent calculated from vertically integrated subgrid heating,
(d)-(f) MC, (g)—(i) MC minus this precipitation equivalent, and (j)—(1) change in column water vapor for
(left) the 4-km 3Dsmag and (center) the 12-km param runs and for (right) their difference for 10° longitude
boxes between 7.5°S and 7.5°N for the 10-day case study. Line contours of vertically averaged subgrid heating
are overlaid, with a contour interval of 1K day‘l, negative contours dashed, and zero contour thick.
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FIG. 2. Daily mean moisture budget terms (left axes) and total
CWYV (right axes), for (a) the 4-km 3Dsmag model, (b) the 12-km
param model, and (c) their difference for a box covering 7.5°S—
7.5°N, 70°-80°E for the 10-day case study. The total advective in-
crement (advect. inc.) is the MC.
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FIG. 3. Daily mean moisture budget terms (left axes) and total
CWYV (right axes), for (a) the 4-km 3Dsmag model, (b) the 12-km
param model, and (c) their difference for a box covering 7.5°S-
7.5°N, 90°-100°E for the 10-day case study. The total advective

increment is the MC.
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Figure 2. Precipitation distributions: (a) probability densities in (mm h~')~!, and (b) fractional rainfall amount densities in (mm h=)~! for two 12 km
Cascade runs, two 4 km Cascade runs and TRMM merged precipitation data over sea points, on a 1° latitude/longitude grid and 3 h time averages for

9 days starting on 7 April 2009. Triangles indicate specific rain rates discussed in the article.
Right: Fig2. (H12)

FIG. 4. (a),(b) Histograms of vertically averaged subgrid heating increments
conditionally averaged by the column vertical average (0-18 km); (c),(d) vertical
profiles of subgrid heating increments composited and normalized by these verti-
cally averaged heating values; (e),(f) composited and normalized vertical velocity;
(g),(h) as in (e) and (f), but multiplied by I156/6z for (left) the 4-km 3Dsmag and
(right) the 12-km param models for 10° longitude boxes covering 7.5°S-7.5°N and

daily means for the 10-day case study. ]
Left: Fig4.
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FIG. 7. Difference between layers of vertically averaged nor-
malized subgrid heating for (a),(b) 2-4-km height minus 0-2-km
height and (c),(d) 4-12-km height minus 0-4-km height (with
values taken as missing where the vertically averaged subgrid
heating is below 0.65 K day '), conditionally averaged in bins of
vertically averaged subgrid heating for (left) the 4-km 3Dsmag
and (right) the 12-km param runs on daily mean time scales for
10° longitude boxes covering 7.5°S-7.5°N for the 10-day
case study.

FIG. 5. Hovmoller plots of the difference between layers of
vertically averaged normalized subgrid heating for (a),(b) 2-4-km
height minus 0-2-km height and (c),(d) 4-12-km height minus 0-4-
km height (with values taken as missing where the vertically av-
eraged subgrid heating is below 0.65K day '), along with line
contours of vertically averaged subgrid heating (with a contour
interval of 2K day ') for (left) the 4-km 3Dsmag and (right) the
12-km param runs on daily mean time scales for 10° longitude

boxes covering 7.5°S-7.5°N for the 10-day case study.



The moist entropy s is defined following Raymond
(2013) and Benedict et al. (2014):

—r R, In(p,legp) + (L7, /Tg), 2)

o ~ the total (I'7),
horizontal (I'y;), and vertical (I'y) components of
NGMS can be defined as follows:

__Tglpv - Vs + pw(3s/3z)]

tr LV - (pryv)] ©
_ _ Tg[pv- V5]

T,= L[é oroWl and (4)

- T [pW(35/62)] )

L[V (pryW)]”

where [X] = [[' X dz, z; ~ 20km, p is the density, v is
the horizontal vector wind, and MC = — L[V - (pryv)] is
calculated from advective increments of moisture di-
rectly output by the model

The budget of 5 can be written:

TR [95/0t) = — Ty [pV - Vs] — Ty [pw(95/0z)]
+LH + SH + [LW] + [SW] + Res,  (6)

where LH and SH are the latent and sensible surface
heat fluxes, respectively, LW and SW are the net
longwave and shortwave heating, and Res is the re-
sidual when all the other terms on the rhs are sub-
tracted from the lhs. For ease of reference later on, we

Moist entropy (moist static energy) is
nearly conserved during the moist
adiabaticprocesses.

m advection terms

B source terms
surface latent fluxes (LH)
sensible heat fluxes (SL)

atmospheric radiative fluxes

NGMS = normalized gross moist
stability
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FIG. 8. Daily mean values over sea of (a)-(c) entropy, (d)—(f) entropy change
(X Tr), (g)—(i) vertical component of NGMS, (j)—(1) horizontal component of NGMS,
and (m)-(o) total NGMS for (left) the 4-km 3Dsmag and (center) the 12-km param
runs and for (right) their difference for 10° longitude boxes covering 7.5°S-7.5°N for
the 10-day case study. Contour lines are moisture convergence with a thick zero line
and dashed negative contours; contour spacing is 150 W m % NGMS advection terms
are calculated from fields averaged on a 1° grid.
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TABLE 1. Linear regression coefficients m and correlation coefficients r for various moist entropy budget terms (or combinations of
terms) from Eq. (6) regressed on MC for MC > 0, along with mean values of these terms normalized by MC (for MC > 30 Wm 2) for each
model version; the first two rows of values are for the regression of horizontal vs vertical entropy divergence from Fig. 13. Note that the

signs of terms including advection are opposite to those in Eq. (6) to be consistent with definitions of NGMS.

4-km 12-km 12-km 40-km 12-km 40-km
3Dsmag 3Dsmag param param 1.5ent 1.5ent
Tr[pv - V5] vs Tr[pw(as/az)]
m 0.17 0.11 0.00 —0.12 —0.01 —0.03
r 0.30 0.26 —0.01 -0.27 —0.03 —0.08
Tg[p¥ - V5] vs MC
Mean 'y, 0.16 0.21 033 0.18 037 0.33
m 0.06 0.06 0.10 0.15 0.03 0.04
r 0.19 0.18 0.18 0.32 0.06 0.09
Tr[pw(8s/az)] vs MC
Mean I'y 0.64 0.19 —0.09 —0.11 -0.07 -0.13
m 0.10 0.09 0.07 —0.02 0.15 0.12
r 0.54 0.59 0.32 -0.13 0.60 0.53
Tr[pV - V5] + Tr[pw(d5/8z)] vs MC
Mean 'y 0.54 0.40 0.24 0.07 0.30 0.20
m 0.16 0.15 0.16 0.13 0.18 0.16
r 0.38 0.35 0.28 0.27 033 0.29
[LW] + [SW] vs MC
Mean —I'g -0.73 —-0.51 —0.68 —0.94 —0.48 —0.47
m 0.08 0.08 0.13 0.07 0.14 0.11
r 0.60 0.69 0.76 0.65 0.69 0.67
LH + SH vs MC
Mean —I'sp 1.10 0.82 1.02 0.97 0.94 0.81
m 0.01 —0.01 0.02 0.05 -0.03 0.00
r 0.04 -0.04 0.09 0.26 -0.12 —0.02
Tr[pw(ds/az)] — ([LW] + [SW]) vs MC
Mean 'y +I'g 1.11 0.70 0.59 0.83 041 0.34
m 0.03 0.01 —0.06 -0.10 0.01 0.01
r 0.18 0.10 —0.32 -0.52 0.06 0.03
Tr[p¥ - V5] + Tr[pw(as/az)] — ([LW] + [SW]) vs MC
Mean 'y + g 1.27 0.91 0.92 1.01 0.79 0.66
m 0.09 0.07 0.04 0.06 0.04 0.05
r 024 0.20 0.07 0.14 0.09 0.10
Tg[as/at] vs MC
Mean I';, 0.04 0.05 0.12 0.06 0.22 0.20
m 0.01 —0.01 0.03 0.03 —0.03 —0.02
r 0.04 —0.02 0.07 0.10 —0.09 —0.05




Entropy Divergence [W m?]

sl |+ s m ] F1G. 13. Horizontal vs vertical advective terms for 4-km 3Dsmag

. and 12-km param runs for 10° longitude boxes covering 7.5°S-7.5°N
. T - and daily means over sea for the 10-day case study. The advective
100 e e - terms have been calculated using fields averaged onto a 1° grid.

Linear regression fit shown for all values (solid), with regression
and correlation coefficients shown in Table 1.

FIG. 8. Horizontal (dark bullets) and vertical (asterisks) advective components of

Vertical Entropy Divergence (W/m*2)

-50 7 r vertically integrated moist entropy divergence vs VIMC averaged over the east In-
dian Ocean region during boreal winter. Conditional sampling has been done to
-100 7 r include only times when the 91-day windowed variance of a precipitation index is

greater than its winter average value. Land points are omitted from the spatial av-
-150 T T T y T T T erages. Each point represents a single day. Thick black best-fit lines are overlaid, and
150  -100 50 0 50 100 150 200 250 . . : .
Horizontal Entropy Divergence (W/m-2) the corresponding equations and correlation coefficients r appear at the bottom of each
panel. Asterisk 7 values are statistically significant above the 95% confidence level.
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Fi1G. 14. Horizontal (black) and vertical (gray) advective terms plotted against MC for (a) the 4-km 3Dsmag, (b) the 12-km param,
(c) the 12-km 1.5ent, (d) the 12-km 3Dsmag, (e) the 40-km param, and (f) the 40-km 1.5ent models for 10°-longitude boxes covering 7.5°S—
7.5°N and daily means over sea for the 10-day case study. The advective terms have been calculated using fields averaged onto a 1° grid.
Linear regression fit shown for all values (dashed) and for only values with positive MC (solid), with regression and correlation coefficients
and mean I'y; and I'y for positive MC shown in Table 1 (and for all values in Table S1).
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