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Testing & Tuning of Revised Cloud Radiation Coupling - T?(RC)?
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Earth’s Energy Budget

Blies and Space Administration

eartn's energy buaget

The Earth’s energy budget describes the
various kinds and amounts of energy that
enter and leave the Earth system. It includes
reflected by both radiative components (light and heat),
clouds & reflected by  total outgoing that can be measured by CERES, and other
) ) atmosphere surface infrared radiation components like conduction, convection,
Incoming 77.0 22.9 239.9 and evaporation which also transport heat
solar radiation »> — from Earth’s surface. On average, and over
340.4 the long term, there is a balance at the top
of the atmosphere. The amount of energy
coming in (from the sun) is the same as the
amount going out (from reflection of sunlight
and from emission of infrared radiation).

total reflected e—— atmospheric
solar radiation - window
99.9 emitted by ——e 40.1 latent heat
atmosphere (change of state)
169.9
e—— emitted by

clouds
absorbed by absorbed by 29.9 thermals

atmosphere atmosphere (conduction/
al 358.2 greenhouse gases  convection)

¥ absorbed by emittedby & back
surface surface E radiation
163.3 398.2 ':.- ; 340.3

net absorbed : 3 evapotranspiration
0.6

All values are fluxes in Wnr? =) Loeb et a, J. Clim. 2009
and are average values based on ten years of data =t Trenborth ot al,, BAMS, 2009

www.nasa.gov == NP-2010-05-265-LaRC




Chandrasekhar’s General Radiative
Transfer Equation (RTE)

-:thermal emi (Tv)

FEm )

I, (Tv,ﬂ: ¢) — @, (7)) Al Geea (V)

dl, (Tv,.u» ®) _
H dt,,

Oaps (V)

L, - radiance

T,, - extinction optical thickness (abs. + sca.) — here treated as vertical coordinate

1 - cos(Solar zenith angle)

¢ - azimuth angle
w, - single scattering albedo, (@, =0 “pure abs”, @, =1 “pure sca”) )

nscao_sca
W, =
NscaOsca + NgpsOabs
. . . .sca/emi .. -
Osca/aps(V)- scattering/absorption cross section (7,14, P)- sca./emission ability

A

[ 1 |
Iv(Tv,llr ¢) - wv(Tv) 3€ aq) EPV (.u’» ¢’; U, ¢)Iv (Tv,.u» ¢) - (1 — Wy (Tv))Bv (T(Tv))
41

dl, (Tv,.u' ®) _
nLl d -
Ty

P,(u', @', u, d)- scattering phase function (probability that ray from u’, ¢’ will scatter to u, ¢)

5 B, (T (t,)- Planck’s Function




Assumptions we make for simplicity

* Plane parallel atmosphere

* Local thermal equilibrium (LTE) — only thermal
emissions considered

* Two-stream approximation (1D problem) |1
» Isotropic scattering for half sphere (many scatterings)

» Rayleigh/Henyey-Greenstein phase functions

1
3 1
Pray(8) = 1(1 + cos*0) 9= JP(COSQ)COSHCZCOSQ
1+g -1
1— g2 { 1-9)° 1 forward
Pyc(0) = _
1 (6) (1+ g2 —2gcos8)3/2 > _1—4g 9 0
6 180 (1+g)2 —1 backwards



And that's not all...

The RTE needs to be computed for each (x, y, z, v) and
separately for each of the gases, aerosols, hydrometeors

Solar Radiation Spectrum
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The k-distribution Method

For gases (H,0, CO,, 05...) the absorption is rapidly changing as a function
wavelength. Line by line (LBL) methods are too expensive for NWP

In the k-distribution method gases absorption spectra for each band is
transformed from wavelength to cumulative probability space

2.5 LA B | T zsl_ T T T T T T T T T 1]
o k(CP)
1.5::
- - 1.ﬂ:
B E Ot
= = sf
5 = F
o o 2l
& E ga -
§ E -5 //’-}
z 5 ' F
3 s °F 93
5 E
- |I | 2 -1.5F
. ’ a0 w
k) MR - i
Vv 2.8
+—>
=3.8 i | -3.aC4 | 1 N W N T | T
60 qw um KT mzn -|m m-tn ulu Teed 1870 wai ﬂma 1@ ] A 2 .3 A .5 B
WAYENMUHBER ICH-1) CUMULATIVE PROBABILITY

FiG. 1. Absorption coefficient k in (cm atm) ™' as a function of (a} wavenumber and {b) cumulative probability
for the O3 9.6-um band for a pressure of 25 mb and a temperature of 220 K.

Fu & Liou 1992



Exponential Sum Fitting Technique - ESFT

* One simple application of KDM is calculating the transmission function for
a wide spectral interval and to fit it to series of exponentials as function of
path length u :

1 —k,u ; —k(g)u —kgqu
Tz(u)zA—lAJ;ek d/lz_([ek(g) dgzzg:wge , §WQ:1

* The total flux is a some of pseudo-monochromatic fluxes for all three
gasses, in all spectral intervals b and for all g-points

F(X y z t) Zwbyyng blwgbZng3F(5 +5g b1+5gb2 g,b,3)

Ob1 9b,2 9,3

0o- optical thickness of gray constituents only (clouds, aerosols)

e Butstill - computationally very expensive!



Fast ESFT - FESFT

* First guess would be neglecting overlapping absorption bands of different
gases in other words considering only the dominant gas in each band —

causes systematic errors we cannot afford

* FESFT - Calculate each gas + gray constituents separately and then

combine:

Tl/l FO - FO
Ngas

F = 1_[ Ti’AFO
i=1

* CPU run time gain is factor of ~3
* Reasonable accuracy
e COSMQOQ'’s default scheme

Still not fast enough 2>
compromise on spatial/temporal resolution
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FI1G. 1. Comparison of solar heating rates in a midlatitude summer
atmosphere using the exponential sum-fitting technique in its original
(ESFT) and its approximate fast (FESFT) version. A cloud with 10
g m~ liquid water content is located between the 1000~ and 2000-m
heights. Solar zenith angle is 30° and a surface albedo of 0.20 is
assumed.
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Radiation Temporal Resolution
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T 2m RMSE [K]

Radiation Temporal Resolution

T_2M RMSE vs. temporal resolution
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Radiation Spatial Resolution

nradcoarse = 2



Monte-Carlo Method

Manhattan Project Stanislaw Ulam John von Neumann




Monte-Carlo Spectral Integration - MCSI

J- Adv. Model. Earth Syst., Vol. 1, Art. #1, 9 pp.

Monte Carlo Spectral Integration: a Consistent

Approximation for Radiative Transfer in Large Eddy
Simulations

Robert Pincus' and Bjorn Stevens”

Back to ESFT but instead of doing this every 15 min (45 time steps):
F(X,y,z,t)= Zwbyyng b1ng2ng3F(5 +0yp1 T Ogpat ,b,3)

Ob1 b2 9b,3

Pick only one g point according to its probability weight for
each gas & band more frequently (i.e. every time step):

F(X Y, 2,0 ) WF (S, + 8451 +8gp2 +5gps)
b

Locally temporal big errors that averages
fast to an accurate solution!



COSMO ESFT Diagram

H,0

co,

Wh1|Wp2| Whp3| Wha| Wps [ Wphe| Wh7

Wps

Wp1|Wp2| Wh3

Wpa| Whs

Whe

Wp7

Whs

Wph3

Whe

Wh7

Wpg

Example: for spectral interval b=7 we have 3x3x7 = 63
calls inv_th/inv_so subrutines which calculate the fluxes

— Total of 301 calls to inv_th/inv_so subrutines
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COSMO FESFT Diagram

H,0 co, 05

Wp1|Wp2| Wp3| Wha| Whs| Whe| Wh7| Whg|Wh1 | Wh2| Wh3| Wha| Whs | Whe| Wh7| Whg| Wh1 |Wh2 | Whp3| Wha| Wps [ Whe| Whp7| Whs

- P e
L

— Here we calculate each b, g only once (all small boxes)
total of 87 calls to inv_th/inv_so subrutines

_ calls decreas 301/87
CPU gain = : = = 3.46
17 frequency increase 1
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COSMO MCSI Diagram — Classic Version

H,0

co,

Wh1|(Wp2| Wh3| Wha
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= Only 1 call to inv_th/inv_so subrutines
instead of 301 calls in ESFT

Whe| Wh7

CPU gain =

Wps

Wp1|Wp2| Wh3

calls decreas

301/1

frequency increase

6.7

Wh7




COSOMO MCSI Diagram — Soft Version

H,0 co, 05

Wpa|Wps

— Only 8 calls to inv_th/inv_so subrutines
instead of 301 calls in ESFT!

_ calls decreas 301/8
CPU gain = : = =0.83
19 frequency increase 45
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COSMO Radiation Module

MODULE src_radiation
gUBROUTINE organize_radiation
;S...UBROUTINE fesft | ESFT & FESFT
DO jspec=1, nspec ! Spectral loop
iD“O jh2o0=1,ih20 ! Loop over H,0O coefficients
DO jco2 =1, ico2 ! Loop over CO, coefficients

DO jo3 =1,i03 !Loop over O; coefficients

CALL inv_th/so




Run Time & Errors Comparisons

e COSMO-2.8km

* Testcase: 23-25/04/2015 — Turkey

* Partial cloudiness + High wind speeds
e Stand alone computer 1-node 4 CPUs
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Run Time & Errors Comparisons

Models run time and RMSE

0.24 MCSI
15min
0.22 °
FESFT ®
—_— 1h
~ 0.2 r
% 0.18 MCSI
2 ® 5min
o 016 FESFT
f‘% 15min. ESFT
- coarse 15min
0.14 o Vsl
FESFT® 100s .
0.12 15min MCSI
20s
[ ]
0.1
0.9 1 1.1 1.2 1.3 1.4

Model Run time / FESFT 15min Runtime



Run Time & Errors Comparisons

Models run time and bias

0.01
:’;CS_' MCSI s
0.005 Mt | 5min ZOCS
MCSI o
[ ]
0 100s
| FESFT
-0.005 15min .
= ESFT
| - 1 )
® _0.01 . >min
5 FESFT
& 0015 15min
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-0.02
[ ]
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Testing MCSI Scheme vs.
Ground Based Measurements

* 29 test cases in different weather situations, lead time of 30h/42h

e 10 measurement stations — T2m validation

e Compare 3 models:
» FESFT — 15 min / 45 steps
» MCSI—-20s/1step
» MCSI—100s/5 step
» MCS| =15 min / 45 steps

GR [FESFT] 2016-01-24 01:00:00
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25°E 30°E 35°E

700
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31°N fi

30°




Testing vs. Ground Based Measurements

T2m Bias [K]

T2m Bias [K]

3.0

2.5

2.0

15

1.0

1.0

0.5

0.0

-0.5

-1.0

T2m RMSE Clear skies

FESFT_15min .
MCSI_20s

MCSI5_100s

MCSI_15min

Cases

T2m Bias Clear skies

FESFT
Mcsil
MCSI5

Cases

T2m RMSE:

FESFT_15min 2.13 [K]
MCSI_20s  2.12 [K]
MCSI_100s  2.13 [K]
MCSI_15min 2.14 [K]

T2m bias:

FESFT_15min -0.23 [K]
MCSI_20s -0.21 [K]
MCSI_100s -0.21 [K]
MCSI_15min -0.21 [K]



Testing vs. Ground Based Measurements

T2m RMSE [K]

T2m Bias [K]

N

[y

FESFT_15min
MCSI_20s
MCSI5_100s
MCSI_15min

FESFT_15min
MCSI_20s
MCSI5_100s
MCSI_15min

Cloudy skies

T2m RMSE Cloudy skies

Cases

T2m Bias Cloudy skies

Cases

T2m RMSE:

FESFT_15min 1.73 [K]
MCSI_20s  1.76 [K]
MCSI_100s  1.78 [K]
MCSI_15min 1.79 [K]

T2m bias:

FESFT_15min 0.42 [K]
MCSI_20s 0.45 [K]
MCSI_100s 0.47 [K]
MCSI_15min 0.46 [K]



Summary

“Full” radiation scheme calculations is impractical in NWP applications
We can compromise on the : spatial, temporal or spectral resolutions

Each has it own advantages and disadvantages. The MCSI greatest
strength is that the “dilution” of computations is wise and based on
statistical reasoning

The MCSl is now implemented in COSMO (itype_mcsi = 1) gives a
reasonable and comparable results in both CPU and performance to the
default FESFT scheme

MCSI did not show a significant advantage to the FESFT which deserves
a change in the default scheme choice

Nevertheless, the tests shown here were done on 2.8 km / 20 seconds
model resolution. It is possible that MCSI can be preferable when using
different model uses (climate, LES) and model resolutions.
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