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1. Introduction

Radiative transfer in the Earth’s atmosphere plays a major role in the energy budget of the
weather and climate system. Roughly 70% of the incoming solar radiation is absorbed by the
earth-atmosphere-ocean system, and the remaining part is reflected back to space. The land
and ocean surfaces absorb ~ 44% of the incoming solar energy, and the atmosphere
absorbs ~ 26%. To maintain an equilibrium energy state, the land-atmosphere-ocean system
emits thermal infrared radiation. Over a sufficiently long period of time, the absorbed solar
energy is balanced by the outgoing thermal infrared radiation emitted by the
land-atmosphere-ocean system, so the Earth’s temperature is relatively stable.

The incoming solar radiation is unevenly distributed over the planet Earth. The Sun heats
the tropics more compared to the middle to high latitudes. Those excessive radiative energy
in the tropics need to be redistributed to middle to high latitudes by the atmosphere and
ocean. To even out the radiative imbalances, the atmosphere and ocean work non-stop
through the weather systems and ocean circulation to transport energy from tropics to middle
and high latitudes. Therefore to understand and predict the weather and climate of the
land-atmosphere-ocean system, we need to accurately calculate the radiative transfer in the
atmosphere.

Modeling the radiative processes are among the most complex and computationally
intensive parts of all model physics. It is difficult to build a parameterization that is both fast
and accurate to calculate the radiative transfer. For computational efficiency reasons,
atmospheric general circulation models (GCM) generally use broadband parameterization to
calculate radiative transfer. Numerous simplifications and approximations are made in these
parameterizations. The use of the correlated-k method appears to be a computationally
efficient and accurate approach to calculate radiative transfer in atmosphere models (Goody
et al. 1989; Fu and Liou 1992). In the correlated-k method, absorption coefficients as a
function of wavenumber are reordered monotonically to create a k-distribution, therefore
allowing spectral elements with similar opacities to be grouped together and treated as a
single monochromatic element. This technique reduces the number of needed individual

radiation calculations by ~10° relative to line-by-line calculations, thereby allowing a dramatic
increase in the computation speed while maintaining an acceptable level of accuracy for
climate and weather simulations (Mlawer et al. 2016).

The GFS radiation scheme is intended to provide the total radiative flux at any given
location. These calculations provide both the total radiative flux at the ground surface, which
is needed to establish the surface energy budget, and the vertical radiative flux divergence,
which is used to calculate the radiative heating and cooling rates of a given atmospheric
layer. The magnitude of the terms in the surface energy budget can set the stage for moist
deep convection and are crucial to the formation of low-level clouds. In addition, the vertical



radiative flux divergence can produce substantial cooling, particularly at the tops of clouds,
which can have strong dynamical and thermal effects on cloud evolution.

A Rapid Radiation Transfer Model for GCM (RRTMG) has become operational in the
GFS since 2007. RRTMG (Mlawer, et al., 2016; Mlawer et al., 1997; Mlawer and Clough,
1998) uses a correlated-k distribution method and a transmittance lookup table that is linearly
scaled by optical depth to achieve high accuracy and efficiency. RRTMG has been validated
using the line-by-line radiative transfer model (LBLRTM) (Clough et al. 1992; Clough and
lacono, 1995) for a wide range of clear-sky temperature and moisture profiles. The RRTMG
LW algorithm contains 140 unevenly distributed g-points (quadrature points) in 16 broad
spectral bands, while the RRTMG SW algorithm includes 112 g-points in 14 bands. In addition
to the major atmospheric absorbing gasses of ozone, water vapor, and carbon dioxide, the
algorithm also includes various minor absorbing species such as methane, nitrous oxide,
oxygen, and in the longwave up to four types of halocarbons (CFCs). To represent
statistically the unresolved subgrid cloud variability when dealing with multi layered clouds, a
Monte-Carlo Independent Column Approximation (MclICA) method is used in the RRTMG
radiative transfer. A decorrelation length overlap method is used in both LW and SW radiation
calculations. Cloud condensate path and effective radius for water and ice are used for the
calculation of cloud-radiative properties.

This technical memorandum is intended to document the radiative transfer scheme used
in the current NCEP’s models. Sections 2-5 review the fundamentals of radiative transfer
calculations for atmospheric model applications. Specifically, section 2 gives the basic
equation of the radiative transfer in the plane-parallel atmosphere, section 3 and 4 review the
approximations for solar and thermal infrared radiation transfer. Section 5 discusses the
radiative flux calculation for partially cloudy sky. Sections 2-5 are very important to
understand the GFS radiation scheme. Section 6 introduces the RRTM, RRTMG and RRTMGP
radiative transfer models. Section 7 discusses the climate data needed for radiative transfer
calculation. Section 8 describes the input variables for the GFS radiative transfer modules.
Finally, the GFS radiation scheme FORTRAN code structure is explained in section 9.



2. Basic Equations of Radiative Transfer for Atmospheric Models

The fundamentals of radiative transfer for atmospheric models are reviewed in sections
2-5. Those fundamentals are the key to understanding the GFS radiation packages and
RRTMG radiative transfer calculations. The purpose of this section is to present the basic
radiative transfer formulas and its discretization in multiple scattering and emitting layered
media.

The azimuthally independent equation describing the transfer of monochromatic

radiation at wavenumber v through a plane-parallel homogeneous medium is given by
(Liou, 2002, Stamnes et al. 1988) (the subscript wavenumber v is omitted for simplicity of
presentation),

R (AT R CATY (2.1)

Where pn = cos6, 0 is the zenith angle, t is the optical depth, and S(t, n) is the source
function and is given by

1
S(,w) = S [ I(T )P u)d' + Q(t, 1) (2.2)
-1

where w is the single scattering albedo, P(y, u") is the azimuth-independent phase function,

and Q(t, 1) is the source term which contains both the direct beam Q(beam) (pseudo-beam)

.. thermal
and thermal emission Q( )

(Stamnes et al. 2000),

(in local thermodynamic equilibrium), and is given by

(beam) (thermal)

Q(t,W=Q (T, W+Q (T (2.3)
and

Q"MW = PGl (24)

Q" ™Vt )= (1 — w)B[O(D)] (2.5)

where Iois the intensity of a ‘direct’ or parallel beam at top of atmosphere (TOA), and
W, = coseo, 60 is the zenith angle of the ‘direct’ beam, B(0) is the Planck Function for

substance with temperature 6. Three factors contribute to the source function: multiple
scattering of diffuse intensity, single scattering of a ‘direct’ beam irradiance (flux density) at
TOA attenuated to the level T, and thermal emission of the local medium.



Most of the radiative transfer models ignore either the thermal or the beam source term,
some of them allow for both to be present, but take computational shortcuts when one or the
other is absent. For solar radiation, I0 = Foin equation (2.4), where Fois the direct solar

irradiance (flux density) at top of atmosphere (TOA). M, = coseo, 60 is the solar zenith angle.

Q

(thermal) - 0. For thermal infrared radiation, I,=0.

Let Be, BS, and Ba denotes the extinction, scattering, and absorption coefficients (in units

of per length), respectively, and Be = BS + Ba, the single scattering albedo is defined as,

w = BS/Be (2.6a)
Or coalbedo,
1—-— = Ba/Be (2.6b)

The optical depth of a plane parallel atmosphere from top to z can be expressed as,
T = k (z)p (2)dz' (2.7)

Where kv is the gas absorption coefficient at wavenumber v, and P, is the density of

absorbing glasses.
In the context of the discrete-ordinates method for radiative transfer (Liou 1992), the
scattering phase function can be expanded in terms of Legendre polynomials Pz as:

N
P(cos®) = Y, oolPl(cos(B) (2.8)
1=0

Where 0 is the scattering angle, and the expansion coefficients w, can be determined from

the orthogonal property of Legendre polynomials as follows:

1

w, = ZITH fP(cos@)Pl(cosG))d cos® (2.9)
-1
where | = 0, 1, .. , N, and the coefficients have the following properties,
w =1

0



w/3 =g

Where g is the asymmetry factor. Using the additional theorem for Legendre polynomials, the
azimuth-independent phase function can be written as,

N

P(w ) = EO w P (WP (1) (2.10)

Replacing the integral by summation, equation (2.1) may be written as,

di(tp) 0 o
W = Iow) -5 X Iop)P,u)a
j=—n j
0 _ —t/u _
= Py, —u)le " + (1 w)B[6(T )] (2.11)
Wherei =+ 1, .., + n. Each 18 is called a “stream”, and we call this a “2n—stream

approximation”. It is convenient to draw the , from a Gaussian quadrature point and to have
them be mirror symmetric ho= — K (j # 0), weight a_=a. Using the properties of

Legendre polynomials, equation (2.11) can be further simplified and solved for various
2n-stream approximations (Stamnes et al. 2000). When n=1, we have a two-stream
approximation, which has been used widely in GCM models for radiative transfer calculation.
The two-stream approximation will be discussed in detail in this tech note. When n=2, we
have a four-stream approximation, which has been discussed in various text books and
literature (Liou, 2002). A discrete ordinate radiative transfer method (DISORT), which uses
multi-stream approximation, was developed by Stamnes et al (1988). DISORT for a
multi-layered plane-parallel medium has been used by the RRTM_SW, and later was
replaced with a much faster two-stream radiative transfer solver.

The monochromatic upward and downward diffuse flux at a given optical depth level, t,
are defined by,

+1
Fo (@ = 2m [ I(xwudu (2.12)
0

Where the superscripts + and - denote the upward and downward fluxes, respectively.
The direct downward flux at level Tt is given by the exponential attenuation of the
effective direct-beam contribution at TOA, “olo’ thus,



T/u,

Fdir(r) = uOIOe (2.13)

The total upward and downward fluxes covering the entire spectrum, using the height
coordinate, may be written as,

F'(z) = ZF;f(r)dx (2.14a)

F(2) = }:(F;if(r) +F (1)d\ (2.14b)
Thus the net flux is

F() = F (2) — F(2) (2.15)

The heating rate due to the radiation in the atmosphere is produced by the divergence of the
net radiative flux, and is given by

(&) = p}p T (2.16)

Where p is the air density and Cp is the specific heat at constant pressure.

The GFS radiation scheme calculates the shortwave and longwave radiative fluxes
separately. The methods used in the GFS radiation package will be discussed in detail in the
next sections.

3. Solar Radiative Transfer

The spectrum of solar radiation is close to that of a blackbody with a temperature of about
6000 K. The spectrum spans roughly from 0.2 um to 4 wm, and has its peak energy located
at about 0.47 pum. About half of the radiation is in the visible short-wave part of the
electromagnetic spectrum (0.3 to 0.7 um). The other half is mostly in the near-infrared part (>
0.7 um), with some in the ultraviolet part of the spectrum (< 0.3 wm). In the ultraviolet and
visible (UVV) spectral regions (A < 0.7u), atmospheric ozone is the primary absorber, while
water vapor absorption dominates the near infrared (NIR) spectrum region (A > 0.7p).



Absorptions from other gasses, such as O2 and CO2 also present in the various spectrum
locations, but their contributions to atmospheric heating are small.

3.1 Solar Radiative Transfer Approximations

In the Earth’s atmosphere, scattering of solar radiation by aerosols and clouds is
important, and thermal emission can be neglected. Under the plane-parallel homogeneous
(PPH) assumption, the basic equation for the azimuth-averaged diffuse solar intensity I(t, p)
is given by equations (2.1)-(2.5) (the subscript wavenumber v is omitted for simplicity of
presentation),

1
di(x, ' Ndy'
" ((;Tu) = I(t,w) — - I(t,u)P(,w)dp
-1

® =1/u,
— Pl i F e (3.1)

Where n1 = cos0, 6 is the zenith angle, t is the optical depth, w is the single scattering
albedo, P(u, u')is the azimuth-independent phase function, Fois the direct solar irradiance
(flux density) at top of atmosphere (TOA), and n, = coseo, 90 is the solar zenith angle. Three

factors contribute to the source term: absorption, multiple scattering of diffuse intensity, and
single scattering of direct solar irradiance (flux density) attenuated to the level t.

The transfer of light beams in the atmosphere depends on the incoming and outgoing
directions. It will be very complex and time consuming to solve equation (3.1) analytically. In
order to obtain the upward and downward radiative fluxes, radiative transfer approximations
are made. Some of the radiative transfer approximations, such as the two-stream
approximation and Eddington’s approximation, are widely used in the solar radiation
calculation.

Replacing the integral with summation in equation (3.1), we have,

di(tp) 0 -
W = I(tw) — = j=2_n1(r, IEACY uj) a,
— %P(ui,— uO)FOe_T/“0 (3.2)
Where i =— n, .. , n. We may select the quadrature weights and points that satisfy
a_=a (%: a, = 2) and M, = — K



Rewrite equation (2.12) for the upward and downward fluxes as,

1
F'(t) = 2m [I(t, £ wpdy (3.3)
0

Then the hemispheric integration of equation (3.1) can be expressed using the generalized
two-stream approximation (Liou, 1992) by,

dFf (t T/HO

N _ -
w =V F@© - vF () - y0Fe (3.4a)

dF (1)

n - /1,
w = YVF@® —-vyF @ - 0-y)oFe (3.4b)

The coefficients Y, (i = 1,2,3) will be determined by the approximation method applied to the

intensity and phase function.

For a plane-parallel homogeneous atmosphere with an optical depth t, Meador and
Weaver (1980) give a formal solution to equations (3.4a) and (3.4b). Define the reflectance R
and total transmittance T as,

F (O,
R = — (3.59)
And
F (th) -1/,
T(x, uo) = v + e (3.5b)

Assuming the boundary conditions as, F+(r, uo) =F (0, uo) = 0, the formal solution for

equations (3.4a) and (3.4b) for the reflectance and transmittance are,

R(tuy = 5 [~ kn) (o, + ky) e

/u,

— (1 + kp)(a, — ky)e " — 2k(y, —apde ] (3.6a)

—1/u,

T(hup) = e ° {1~ 0 + k(e + ky) e



—kt —T/u,
— (= k(e —ky)e = 2k(y,+apde ) (3.60)
Where

2 2 k —k
Vo= =Dkt r) e+ -y e
%G = y1y4 + y2Y3

a, =V, v, tV,Y,
2 21/2

k= (0,-v,)
v, =1-v

In the two stream approximation, only the phase function is expanded in two terms in
Legendre polynomials. In Eddington’s approximation, both the intensity and phase function
are expanded in two polynomial terms. Depending on the approximations to the intensity and
phase function, various analytic forms for the coefficients y, can be derived. The coefficients

for several selected two-stream approximations are given below (Liou 1992; King and

Harshvardhan 1986),

Two-stream approximation:

ro = [1 - o+ 9)/2/u (3.7a)
v, = ol - g)/2u, (3.7b)
vy, = (1 = 3gun)/2 (3.7¢)

Where W, = 1/\/§, and g is the asymmetry factor defined by,

w
1

1
g=— = % [ P(cos®)cos® d cos®
“1

The asymmetry factor is the first moment of the phase function. Note the zero moment of the
phase function equal to 1 (wo = 1). For isotropic scattering (such as Rayleigh scattering), the

asymmetry factor is zero (g = 0).

10



Eddington’s approximation:

Y, = [7 — w(4 + 39)]/4 (3.8a)
Yy, = - [1 — w(4 — 39)]/4 (3.8b)
v, = (2 = 3gu)/4 (3.8c)

Practical Improved Flux Method (PIFM) (Zdunkowski et al. 1980):

Y, = [8 — w(5 + 39)]/4 (3.9a)
y, = 3w(l - g)]/4 (3.9b)
v, = (2 = 3gu)/4 (3.9¢)

Discrete-ordinates approximation (Liou 1973, 1974):

ro =312 - o+ 9)]/2 (3.10a)
Y, = V3o - 9)/2 (3.10b)
v, = (1=Bgn)/2 (3.10c)

The GFS radiation scheme has included options for the last three approximations with the
Delta-function adjustment (which is discussed in section 3.2).

3.2 Delta-function adjustment

In the discussions of the radiative transfer approximations in Section 3.1, the phase
function is given by,

P(pp) = 1+ 3gpp’ (3.11)

However, the phase functions involving cloud and aerosol particles are highly peaked in the
forward direction, the two-term expansions do not adequately account for the strong forward
scattering. Let f to be fraction of the energy scattered in the forward direction (6 = 0), the
normalized phase function may be expressed as a Dirac delta function plus a two-term
Legendre expansion,

P(Lu) = 2f8(k — 1) + (1 — (L + 3g m) (3.12)

11



Where p = p' when © = 0, § is the Dirac delta function, f = gz is the forward scattering

coefficient, and g* is a scaled asymmetry factor.
After adding the delta function into the phase function, the original form of the radiative
transfer equation (3.1) can still be held by taking the following transformations:

Tt 1 = (1- wf)r (3.13a)
w > =1 - Ho/(l - of) (3.13b)
g =9 =@-HA-0 (3.130)

Thus, the scaled optical depth, single scattering albedo, and asymmetry factor need to be
used in the coefficients and solutions of the radiative transfer approximations when
Delta-function adjustment is applied in the two-stream radiative transfer calculations.

3.3 Radiative flux calculations for solar radiation in PPH atmosphere

Radiative transfer theory has been elegantly developed under the assumption that the
atmosphere is plane-parallel homogeneous (PPH). One of the approximation methods for the
radiative transfer calculation is the generalized two-stream approximation, which has various
analytic forms for the upward and downward intensity fields within and at the boundaries of a
PPH medium. Three of these are included in GFS radiation calculation as options. The flux
calculations discussed in this section apply to both band models and the correlated
k-distribution method (discussed in section 6.1). Reflectance and transmittance of each
atmospheric layer are first computed using two stream approximation with the Delta-function
adjustment, fluxes are then computed by using a two-stream adding method for a composite
of layers.

For each atmosphere layer and spectral interval, the effective optical thickness, single
scattering albedo, asymmetry factor, and forward scattering coefficient are computed from,

T =31, (3.14a)
w = ot /2T, (3.14b)
9=3g0T/Tor (3.14c)
f=2for/Ter (3.14d)

i

12



Where the summation is over all gasses and particles, i . They include water vapor, ozone,
aerosols, clouds, and all atmospheric gasses.

Consider a two-layer case (layer 1 overlying layer 2), The reflectance and transmittance
of a layer illuminated by a direct beam are calculated from equations (3.6a) and (3.6b) as a

function of M, and the optical properties T,  , and E . For diffuse insolation, the reflectance r
and transmittance t are also computed from equations (3.6a) and (3.6b) but the incident

angles are approximated by a single value of 530,
r = R(W (3.15a)
t = T(w (3.15b)
Where i = cos(53").
By separating the direct and diffuse components of the radiation, the reflectance and
the total transmittance of the layer when illuminated by direct radiation can be computed

using a two stream adding method (Hou et al. 2002, Chou 1992, Oreopoulos and Barker
1999) as,

R () = R () + t[(T,(n) =T (),
+ 1) R/ 7)) (3.16)

T () = ﬁ%%ﬂ;%)+tgax%>—ﬂ%%n

dir

+ T () R 7 )/A — 1) (3.16b)
And

Tdir _ Tdir Tdir 317

M) = T ()T, (1) (3.17)
Where

ir — T /M,

Q) =e (3.18)

13



is the direct solar beam transmission for layer 1, T is the mean optical depth of the upper

-1/ -1/
layer, and T(uo), e ot , and (T(po) — e ' u) are total, direct, and diffuse transmissivities,

respectively.

If the source is diffuse irradiance, the combined reflectance to diffuse radiation can be
expressed in two situations: one is the upper layer illuminated by diffuse radiation, and the
other is that lower layer illuminated,

2
r, = r12 =r, +tr,/A-rr) (3.19a)

2
r = r21 =r, +tr /(A-rr) (3.19b)
When illuminated by a direct beam radiation at the top of the layer, the reflectance RT, and

the transmittance, Tl, at the interface of the sublayers 1 and 2 are given by,

R' = [e_rl/ "R () + (T, () - e My r ]/(1 ~rr) (3.20a)
T' = e_Tl/uo + [e_Tl/uO r R (1)
+ (1) —e 1A -y (3.200)

For a multi-layered atmosphere, by using a two-stream adding method (Chou and
Suarez 1999), one can obtain normalized fluxes at layer interfaces through two calculation
passes. The first starts from the top and adds one layer at a time until it reaches the bottom
surface. During this pass, the total downward transmission at each level, T(uo), and the

diffuse reflectance for layers illuminated from below, r , are computed. The second pass

starts from the bottom surface and works one layer at a time to the top to obtain the
reflectance to the direct radiation, R(uo), at each level, and the diffuse reflectance, T, for

layers illuminated from above. Thus the normalized upward and downward fluxes at the
lower boundary of layer k are given as (Hou et al. 2002),

Fooph) = [T (IR, (1)

14



T () ~T )T, VA =T r ) (3213)
Fropiy) = T + [TGOR ()7,

+ (T (1) =T, DI/ =77, ) (3.21b)

At the top of the atmosphere (k=17), then,
T !

The total net flux at each pressure level (at a layer interface) and at the surface is the
weighted sum of these fluxes,

l T
F..(pp) = FrXw [F (,p) — F (4, p)] (3.23)

net

Where F0 is the incoming solar flux at the top of the atmosphere, i is the index of spectral

band, and qu, is the weight for the corresponding band, and the sum of qu, is 1.

4. Thermal Infrared Radiative Transfer

Thermal infrared radiation plays an important role in the global energy budget and

maintaining the climate system. The equilibrium temperature of the earth-atmosphere system

is about 255 K. The spectrum of the thermal infrared radiation from Earth and its atmosphere
to space spans from 3 um to 100 um. Just as the major atmospheric gasses (oxygen and
nitrogen) are transparent to incoming sunlight, they are also transparent to outgoing thermal

infrared. However, water vapor, carbon dioxide, methane, and other trace gasses are opaque
to many wavelengths of thermal infrared energy. A significant amount of the infrared radiative

energy emitted by the earth's surface (~116 units) is absorbed by the atmospheric
greenhouse gasses (~104 units) and radiative back to the earth’s surface (~98 units)
(assuming the incoming solar radiation at TOA is 100 units). Cloud is also strongly coupled
with longwave radiation. Thick optical clouds absorb longwave irradiance emitted by the
Earth’s surface near the cloud base and emit at a colder temperature near the cloud top,

15



therefore longwave radiation cools the cloud top and warms the cloud base and impacts the
cloud dynamics.

4.1 Longwave Radiative Transfer Approximation

In a plane-parallel homogeneous atmosphere, the azimuth-averaged diffuse long wave
intensity I(t, 1) is governed by the equation (again, the subscript of wavenumber v is omitted
for simplicity of presentation),

1
e (CAT I %flur, WP p)dy' — (1 — w)B(B)  (4.1)

Where pu = cos6, 0 is the zenith angle, t is the optical depth, w is the single scattering
albedo, B(0) is the Planck Function for substance with temperature 6, and P(y, ") is the
azimuth-independent phase function. The phase function can be expanded in Legendre
polynomials as Equation (2.10).

Replacing the integral with summation in equation (4.1), and selecting the Gauss
quadrature weights and points, the discrete-ordinates approximation can be expressed as
(Liou, 2002),

di(tp) 0
W = Iow) — 5 jzz_nl(r, ) P, uj) a,
— (1 — w)B(B) 4.2)
Wherei =+ 1, .., + n, quadrature point W= - uj,j # 0, weight a_=a. The

longwave scattering effect has been neglected in most current climate models. Zhao et al.
(2018) studied the cloud longwave scattering effect using the eight-stream DISORT scheme
in RRTMG_LW and CAMS5. Results show that the cloud longwave scattering reduces the
flux at the TOA and leads to an extra warming effect in the atmosphere. The warming mainly
concentrates in the low level rising branch of the Hadley circulation, and modulates the
westerly jet and upper part of the Walker circulation.

The phase function P(y, u' ) can be expanded using §-Eddington approximation as,

P(wp) = 2f6(p —p) + (1 - HA + 3gup’ + ..) (4.3)

where fis the fractional scattering into the forward direction, g is the asymmetry factor. When
LW absorption is strong enough to overwhelm scattering, the process can be simplified by

16



setting f = 1, which means only the forward-scattering peak is kept and scattering in all the
other directions is completely neglected. Then Equation (4.1) can be written as,

R = (1 - ) 1w — (1 - w)B(®) (4.4)

where p is cosine of the local zenith angle, t is the optical depth, w is the single scattering
albedo, and B(0) is blackbody emission at temperature 6. Equation (4.4) is referred to as an
absorption approximation (AA), which is more accurate than the method that completely
ignores the scattering effect. Since absorption approximation only keeps the forward
scattering, upward flux and downward flux can be calculated independently. The upward flux
at pressure p is given as (Li, 2000),

F' = BO)T[t(pp)] — m f B(0") 2L gy (4.5)

The downward flux at pressure p is,

p .
F'o=n [ B(e)TEenl gy (4.6)
0

where P, is the surface pressure, 6; is the surface temperature, 0' is the temperature at

pressure p’, and T[t(p,p")] is the flux transmittance defined in terms of the optical depth
t(p, p") for a slab of atmosphere between p and p',

1
Tl = 2/ exp|— T, (p.p)/n|udn (4.7)

Where

T, 0p) = [[1 - o] dp" (4.8)

C —

In a clear-sky, = 0, the integration (4.7) can be approximated as (Elsasser 1942),

1
T[t] = 2 [ exp[— rabs/u]udu ~ exp(—= T, /u) (4.9)
0

17



Where W, = 1/1.6487 is the diffusivity factor. Accurate integration of directional radiance

shows that the conventional diffusivity-factor approximation with a constant diffusivity angle
results in an overestimation of the outgoing longwave radiation (OLR) in the window band
and an underestimation in the absorption band. For more accurate longwave flux
calculations, the RRTMG_LW performs radiative transfer for a single (diffusivity) angle (angle
= 53 deg; secant angle = 1.66) and improves accuracy in profiles with high water content by
varying the angle in some bands as a function of total column water.

The advantage of Eq. (4.9) is that the flux transmittance follows a simple exponential
decay law, in the same manner as the radiance transmittance. The definition of the flux
transmittance in terms of an exponential function is efficient for a multilayer calculation. If the
flux transmittance for each layer is known, the result for any combined adjacent layers is the
multiple of the results for each layer, since for two layers of optical depths T, and T

T(ri + ‘L'j) = T(Ti) T(Tj) (4.10)

In the infrared, each layer of the model contains a heat source. One, therefore, needs to
be able to calculate the transmittance between layers that are at varying separation. The
simple multiplicative nature of the approximation shown in Eq.(4.10) avoids additional
computation of exponentials.

4.2 Radiative flux calculation for longwave radiation in PPH atmosphere

Radiative flux calculation for longwave radiation is relatively simple. The discrete form of
equations (4.5) and (4.6) can be written as,

N—1
1

Fo=m kzz:i Bk+(1/2) (Ti,k+1 - Ti,k) + B, Ti,N (4.17a)
. i-1

Fo=m zZ Bl+(1/2) (Tl,i N Tl+1,i) (4.171b)

=1

Where F: (Fj) is the upward (downward) flux at level J, T, is the transmittance between two

levels k and /, B4, is the Planck function for layer i (between level i and level i + 1), level 1 is
the top of the atmosphere, and level N is the surface.

If we focus on one single layer with optical depth At, the downward (upward) flux at the
bottom (top) of the layer is,
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—A‘E/u1 *
F =F e + B (1—e

out m

B (4.12)

Where F . is the outgoing flux, F_ is the incoming flux, B* is the effective Planck function
which is discussed below, i is the diffusivity factor.

Following Clough et al (1992), assuming the Planck function varies linearly with optical
depth from the value at the upper boundary BU to that at the lower boundary BL with slope

(B, - B)/T, the radiance source term in the layer can be computed as,

B, -B,

I = B,(1-T)— (B, —B)T + ( - )(1 ~-T) (4.13)

Where t and T are the optical depth and associated transmittance of the layer. Equation
(4.13) is commonly referred to as “linear in Tau” approximation. In the limit of strong

absorption, the radiance goes to BU, in the limit of weak absorption, I = t §, where B is the

mean Planck function for the layer, and B = (B, +B)/2.

Writing equation (4.13) in terms of mean Planck function, we have,

1=(1—T)[BU+2(§—BU)($—TTT)] (4.14a)

Define the effective Planck function B*(r) as,

B(v) = B, + 2(B —-B)(+ - & (4.15)

equation (4.14a) can be written as,
I = (1-T)B®) (4.14b)

In the line-by-line radiance calculation (LBLRTM), the empirical formulation of the
effective Planck function in equation (4.15) is computed as a one-term Pade approximation
as,

B(®) =[B +@0B,]/(1+av) (4.16a)
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Where a = 0.278 is used in RRTMG code. There is also a two-term Pade approximation in
literature as,

B () =[B + (@t + bt)B,1/(A+at + bt) (4.16b)

With a=0.793, b=0.013. The one-term Pade approach a = 0.2 has been implemented in the
FASCODE (Clough et al 1992).
Solutions (4.11) and (4.12) are equivalent. In solution (4.11) the upward (downward) flux

at one level is determined by the thermal emission and absorption from all the layers below
(above) that level. Therefore, the computing time is quadratically proportional to the number
of model layers. In Eq. (4.12) all the exchange contributions from outside of this layer are
represented by the boundary conditions. Therefore, the computing time is linearly
proportional to the number of the model layers.

Considering a PPH atmospheric layer, the radiative flux at wavenumber v can be
calculated using equation (4.12), and the spectrally averaged outgoing radiance from the
atmospheric layer is (this equation is used in RRTMG LW),

v

' 2 *
R = —— [ dv[B(uT)
v

1

v_,L Lv,~Y,

+ [R,(v) = B'(v,T)] exp(— k(v, P, 0) %) (4.17)

Where v, and v, are the beginning and ending wavenumbers of the spectral interval, R0 is

the incoming radiance to the layer, B*(U, TU) is an effective Planck function for the layer, TUis

the transmittance for the layer optical path, k(v, P, 0) is the absorption coefficient at layer
pressure P and temperature 6, and p is the absorber density.

In band model, the total net flux at each pressure level (at a layer interface) and at the
surface is the weighted sum of fluxes from each spectral interval,

! T
F (u,p) =XV [F (u,p) = F (1, p)] (4.18)

net
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Where n is the index of spectral interval, and q;n is the weight for the corresponding spectral

interval, and the sum of q;n is 1, and F: (Fj) is the average upward (downward) flux over the

spectral interval from equation (4.17).

The above calculation is extended to obtain the radiative transfer for vertically
inhomogeneous atmospheres by dividing the atmosphere into layers. Using the outgoing
radiance at each interval as the incoming radiance for the same interval of the adjacent layer,
the average outgoing radiative flux can be obtained using equation (4.17), and the total flux
is the sum of all the spectral intervals from equation (4.18). In the k-distribution method, each
band (or spectral interval) includes a different number of subintervals, we need to sum over
all the subintervals and over all the bands in equation (4.18).

5. Radiative Flux Calculations for Partially Cloudy Sky

Clouds could occur at various heights with different fractional cover and optical
properties. Nearly all radiative transfer algorithms used in atmospheric models apply only to a
plane-parallel homogeneous (PPH) atmosphere. Horizontal inhomogeneity is not allowed. An
approach to dealing with partial cloudiness is to divide a region into subcolumns and assume
that radiation flows through each subcolumn independently of all other subcolumns,
regardless of the cross-sectional areas of the subcolumns, and that flow through each
subcolumn can be described by 1D radiative transfer theory. This is the independent column
(or pixel) approximation (ICA or IPA). Within each subcolumn, an atmospheric layer (each
subcolumn can be divided into many layers) is either free of clouds or filled totally with a
homogeneous cloud. Domain-averaged fluxes in variable clouds can be determined quite
accurately using ICA approximation by averaging the flux computed for each class of clouds
in turn (Cahalan et al. 1994; Barker et al. 1999). Depending on the number of cloud layers
and the way these clouds overlap, computation can be very expensive. Radiative transfer
calculation is time consuming because fluxes and heating rates are broadband quantities that
must be integrated over many spectral intervals. A heating rate profile in a single column is,
in fact, the result of many narrowband calculations.

Monte Carlo Independent Column Approximation (MclCA) (Pincus et al. 2003) is a
computationally efficient technique for computing domain-averaged broadband radiative
fluxes in vertically and horizontally variable cloud fields of arbitrary complexity. The method
makes random, uncorrelated errors in estimates of radiative quantities, and the expectation
value of these estimates is completely unbiased with respect to the ICA.
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5.1 Monte Carlo Independent Column Approximation (McICA)

McICA is an approximation to the full independent column approximation (ICA) when
computing grid-box mean fluxes. In the full ICA, domain-average broadband radiative fluxes
are computed as (Pincus et al. 2003; Raisanen and Barker 2004),

N

F = F (5.1)
=1

£
N
n

Where N is the number of subcolumns and Fn is the broadband radiative flux for the nth

subcolumn. The broadband radiative fluxes for the n"" subcolumn are computed as the
summation over all spectral intervals of the broadband,

K
F = Y cF (5.2)
n =1 © ok

Where K is the total number of spectral intervals, c, is weight in each spectral interval, and

Fnk indicates fluxes computed using one-dimensional radiative transfer theory from K"

spectral interval.
Combining equations (5.1) and (5.2), we have the domain-averaged broadband fluxes
for the full ICA as,

N K
ICA 1

F=F =4 X%XcF (5.3)
n=1k=1 nk

Radiative fluxes are more uniform in clear skies than in clouds, so the domain is
partitioned into clear and cloudy portions and a single calculation is performed for the clear
sky. Because each subcolumn is treated independently, we may write equations (5.3) as an
summation over the distribution p(s) of possible states s of the cloudy atmosphere (with
potentially unequal weights w),

—ICA K clr
=@a-=c,) zk:WkaFk
K chd

cld
+ Ctot zk: Wk Ck n§1 p(sn)Fn,k
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—clr —cld
=(1-C)F +C_F (5.4)

Where Cmt is the total cloud fraction for the GCM column, and Ncld is the total number of

cloud states of the cloudy atmosphere, and N ,sN. Equation (5.4) is general and applies to

any method of solving the radiative equation. The spectral intervals may be thought of as
bands (e.g., Slingo, 1989) or as the quasi-monochromatic intervals in a k-distribution. It is the
nested sum in the last term in equation (5.4) that makes the ICA impractical in large scale
models.

—cld
The full ICA calculation of cloudy-sky flux F ' is a two-dimensional summation, with
wavelength varying in one-dimension and cloud state in the other. Rather than computing the

—cld
contribution of every cloud state to every wave interval, the FC is approximated by choosing
a cloud state at random for each spectral interval,

K
=~ %chkF

—cld

5.5
nk,k ( )

Where F . is the monochromatic radiative flux in spectral interval k, with a randomly
y

selected vertical cloud distribution n. Equation (5.5) is a Monte Carlon summation of the
ICA, or referred to as the McICA. From this definition, the McICA solution (5.5) is equal to the
ICA solution only when all N subcolumns are identical or when N=17. As discussed in Pincus
et al (2003), McICA’s incomplete pairing of subcolumns and spectral intervals ensures that its
solution will contain random, but unbiased, errors. Direct application of equation (5.5)
requires K cloudy-sky calculations per domain.

5.2 Cloud overlapping method

The current operational GFS uses the exponential-random (EXP-RAN) cloud
overlapping scheme. Cloud overlap is usually defined in terms of three basic idealized
assumptions: maximum, minimum, or random. Considering cloud cover in two layers and
assuming the cloud fraction is given by Ck and Cz’ then the three assumptions can be

described by the combined total cloud cover as,

Maximum overlap: Czllax = max (Ck, Cl) (5.6a)
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Minimum overlap: C:(nlm = min (Ck + C, 1) (5.6b)

Randomly overlap: C:;nzck +C - CC, (5.6¢)

The maximum-random (MAX-RAN) overlap scheme assumes that clouds in adjacent
vertical levels are likely to form from part of the same vertical cloud element and are
maximally overlapped, while clouds separated by a clear layer are assumed to be spatially
decorrelated and thus randomly overlapped (e.g., Geleyn and Hollingsworth 1979).

In nature, the observed total cloud cover resulting from the overlap of two layers in any

particular cloud scene Ckl is unlikely to equal that given by one of the above assumptions.

Barker et al. (1999) used cloud resolving model output to show that the overlap of continuous
clouds often lies between MAX and RAN for the scenes studied. It is useful to express the
observed total cloud cover as a linear combination of MAX and RAN using the overlap
parameter a, (Hogan and lllingworth, 2000),

C, =, C;"l" + (1 —akll)c;j” (5.7)

It is apparent that a, = 1 gives maximally overlapped layers, and a, = 0 gives random

overlap. Note that observed total cloud cover of the two layers can exceed the random
overlap value, as in the case of minimum overlap, for which o, will assume a negative value.

Observations indicate that a,, < 0 occurs much less frequently for adjacent layers than for
distant ones, so it is assumed a2 0 and the overlap can be described adequately by
applying (5.7) successively to adjacent layers and thus working directly with O . only. For

non-adjacent layers the overlap parameter is defined implicitly as,

l

a = J] «
ol m=k+1

i (5.8)
For each of the layer pairs, a has been calculated as a function of the inter-layer
separation distance. The reduction of a, is modeled by assuming an exponential decay of

the separation distance Az,

_ _ Az
@, = exp( L(Z)) (5.9)
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Where L is a decorrelation length for overlapping fractional clouds. The decorrelation length
scale is in the range of 2-4 km (can be a constant or latitude dependent parameter). Using
a, from equation (5.9), then equation (5.7) becomes an exponential-random cloud

overlapping scheme (EXP-RAN).

There are several different formulations for the decorrelation length in the EXP-RAN
scheme. The decorrelation length in GFS operational model uses Hogan’s formulation (2010)
with slightly different coefficients,

L(z) = 2.78 — 0.025556 ¢
Where ¢ is the absolute latitude in degrees.

There are various versions of maximum-random cloud overlap generators. Here we
discuss the version from Geleyn and Hollingsworth (1979) (Raisanen et al. 2004).
Considering a partially cloudy atmosphere, let N be the total number of spectral intervals, we
divide the atmospheric column into N subcolumns. We assume that the atmosphere is
discretized into K layers, the uppermost being k=1. In order to apply the 1D radiative transfer
theory, it is further assumed that each layer of each subcolumn is either filled with or free of

clouds (horizontally homogeneous). Therefore, cloud fraction Cr in the k" layer of the jth

subcolumn is either 0 or 1. The cloud generator is an algorithm that determines
X (0 < X, < 1) for each subcolumns j and layer k. Properties of the generated fields

depend on how X is determined as well as on conditions provided by the global model. The

variable X is used to decide whether the cells of subcolumns are cloudy or clear according

to,
Cp = 0, if X =1-¢C (clear)
Co = 1, if X >1 - Ck (cloudy)

Where k = ktop, .,k (k and kbase are the uppermost and lowermost layers with

base ‘ top

Ck > 0), and Ck is the cloud fraction for the k" layer. The cloud fraction is either computed
from a RH (relative humidity) based empirical scheme or a PDF based statistical scheme
(Tompkins, 2005). For the GFDL microphysics scheme, the cloud fraction is calculated in the

microphysics subroutine assuming a uniform distribution of total water. For other
microphysics schemes, if cloud fraction is not calculated in the microphysics subroutine, the
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cloud fraction is computed in the cloud scheme subroutine using the parameterization
scheme of Xu and Randall (1996).

k3
} if RH<1 (5.10a)

k
C, = RH 1{1 — exp(— kqu/l(l — RH) q_
C =1 ifRH = 1 (5.10b)

Where RH is relative humidity, q, is the cloud condensate, q, is saturation specific humidity,

k1 = 0.25, k2 = 100, k3 = 0.49 are the empirical parameters.
Beginning at kwp, this algorithm determines X by first assigning to each subcolumn

x, =RNL , j=1.,N

"top top

Where RNl,k is a unique random number distributed evenly between 0 and 1. For

top

subsequent layers,

X=X if X > 1 — Ck_1 (cloudy cell above)
x,= RN, (1-C_) if x, , < 1-C_, (cloudless cell above)

Where k = ktop , - k o and RNjk are new random numbers with properties like RNl,k :

1 top

Because horizontally homogeneous clouds are assumed, mean cloud water content for the
cloudy part of a model layer is assigned to each cloudy cell in that layer.

+1 ba

In the Geleyn and Hollingsworth’s (1979) version of the maximum-random overlap (MRO),
total cloud fraction for layers k through I, inclusive, is

1-max(C
m—

1-C
m—

,C )
rn (5.11)

1

!
Cy=1-0A-Cy Tl
m=k+1

After computing the net radiation fluxes separately for clear-sky (Fnet_ ) and for

clr

cloudy-sky (Fnet_dd), the net flux for total sky is computed as a simple linear combination of
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clear-sky and cloudy-sky quantities weighted by their respective fractions (Morcrette and
Fouquart 1986),

(k) = A -C)F

net—tot tot net—clr

k) + C (k) (5.12)

F
tot net—cld

The temperature change for layer k due to solar and thermal infrared radiation is then
calculated from,

dT dF_ (k)

k _ g net
& T T T T (5.13)

Where Tk is the temperature at layer k, tis time, g is the gravitational acceleration, and Cp is

the heat capacity of air at constant pressure.

5.3 Cloud optical properties

The cloud optical properties needed for the radiative transfer calculations in weather
models are the volume extinction coefficient, the single scattering albedo, and the asymmetry
factor. Depending on the cloud microphysics scheme used in the model, cloud optical
properties are calculated differently. The GFS cloud-optics module uses the in-cloud liquid
water and ice mixing ratios to calculate 1) the layer total cloud fraction, 2) layer cloud liquid
water path, ice water path, rainwater path and snow water path, 3) mean effective radius for
liquid cloud, ice cloud, raindrop and snowflake. Finally, the cloud optical properties for
shortwave and long wave are parameterized using LWP (IWP) or LWC (IWC) and the
effective radius of water droplets or ice particles.

5.3.1 Liquid water cloud

The parameterizations of optical properties for liquid water clouds follows Hu and
Stamnes (1993). Assuming water cloud droplets are spherical particles, and have droplet
size distribution, n(r), the liquid water content (LWC, g cm_3) is given by,

Lwe = o [r'n(r) dr (5.14)

And the liquid water path (LWP) is,

LWP = Az - (LWC) (5.15)

27



Where Az is the cloud layer thickness, ris the radius of droplets, and P, is the density of liquid

water.

The effective radius for liquid water cloud is defined as,

r = [n@) rsdr/ [ n() rdr (5.16)

ew

The extinction and scattering coefficients are,

[ee]

B, = /n r'Q_(r)dr (5.17)

ext
0

T e 2
Bow = { n(r)yr-Q_ (r)dr (5.18)
Where k = 2117\_1, A is the wavelength, Qext and Qm are the extinction efficiency and
scattering efficiency, respectively. We may compute Qext and Qsca by Mie theory for a number

of radii r spanning the droplet sizes of interest and then perform the necessary integrations
over the size distribution to determine Bext and Bsca from equations (5.17) and (5.18). The

single-scattering albedo w and asymmetry factor are,

W = Bsca/Bext (519)
L 1

g ==/ PWudn (5.20)
-1

Where p is the cosine of the scattering angle and P(p) is the phase function.

Hu and Stamnes (1993) generated a group of data relating the optical properties to
cloud liquid water content and equivalent radius for a variety of cloud size distributions with
equivalent radii ranging from 2.5 to 60 ym. The data are used to parameterize the extinction
coefficient Bext , the scattering albedo w, and the asymmetry factor g for both the solar and

terrestrial wavelengths:

b
B JLWC = alr1 + ¢ (5.21a)

ext ew 1
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1 —-—w=ar’+c (5.21b)

g =ar’ +c (5.21¢c)
3

Where LWC is the liquid water content of the cloud and (1 — w) is the coalbedo. In the
parameterization, the equivalent radius is in units of micrometers. All of the coefficients
a, bl_, ¢, (i=1,2,3) in equations (5.21a) to (5.21c) are constants for a given wavelength.

Using the least-squares method, the data are fitted in the following three radii ranges: 1)
small size 2.5 to 12 um, 2) medium range 12 to 30 um, 3) large size 30 to 60 um. The data
are separated into 24 bands in the visible and near infrared part of the spectrum (0.3 - 4.0 um
) and 50 bands in the infrared (terrestrial) spectrum (4.0-150.0 um). The coefficients a, bl,, c,

(i=1,2,3) for the fitting in the shortwave and longwave regions are given by Hu and Stamnes
(1993).

Depending on the microphysics schemes used, several options are available to calculate
the LWP and the effective radius of the liquid water cloud in the GFS cloud schemes. Some
options are discussed below,

For GFDL microphysics (Lin et al. 1983; Chen and Lin 2011, 2013), the total cloud
condensate path is calculated (large scale cloud condensate path + convective cloud
condensate path), and then partitioned into LWP and IWP based on environmental
temperature. The fraction of the ice cloud is parameterized as a function of temperature,

F = min[1, max(0,(273.16K — T)/20))] (5.22a)

and the LWP and IWP are separated as,

LWP = total cloud condensate path * (1 — F) (5.22b)
IWP = total cloud condensate path * F (5.22¢)

The effective radius is parameterized as follows,

r = 10pum over ocean (5.23a)

ew

r 50 + 5.0 - F overland (5.23b)

ew

For Thompson microphysics scheme (Thompson and Eidhammer 2014) and WSM6
microphysics scheme (Hong and Lim 2006), the cloud liquid water path is calculated using
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equation (5.15), and the effective radius is given from the microphysics schemes. The
rainwater path is calculated similar to equation (5.15), and the effective radius for rainwater is
set to be constant at 1000 pm.

5.3.2 ice cloud

The parameterizations of the solar radiative properties and infrared radiative properties
for ice clouds follow Fu (1996), and Fu et al. (1998), respectively. Assuming n(L) denotes the
ice crystal size distribution, L and L are the minimum and maximum lengths of ice

crystals, respectively, and P, is the density of ice, we have the ice water path,

IWP = Az | Ve, n(L)dL = Az - (IWC) (5.24)

Where A z is the cloud layer thickness, V is the volume of an individual ice crystal, L is the
major dimension, and IWC is the ice water content.

For a given ice crystal size distribution, the single scattering properties of ice clouds,
including the extinction coefficient (8), absorption coefficients (Ba), and the asymmetry factor (

g) may be obtained from,

8 = [ W) P(L)n(L)dL (5.25a)
L .

min

max

B = | Q (L) P(L) n(L) dL (5.25b)
L

a

mmn

g = [ QWPWwg,nydL/ [ Q(L)P(L)n(L)dL  (5.25¢)
L L
Where 0Q, Qa and QS are the extinction, absorption, and scattering efficiencies, respectively,
for a random oriented hexagonal ice crystal, 9, is the asymmetry factor, and P is the
projected area.

By assuming that ice crystals are hexagonal, the ice water content (IWC) and
generalized effective size (Dge) are defined in the forms,
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we = 22 o [ D’ LnL)dL (5.26)
L .

mn

And

max max

p,= I D*Ln(LydL/ [ [DL ++3D°/4]n(L) dL (5.27)
L L

min min

Where D is the width of an ice crystal. The [D L + \/§ D2/4] in the denominator of equation

(5.27) is proportional to the surface area of a hexagon ice crystal, and (D2 L) in the numerator
is proportional to its volume. For scattering and absorption calculations, the ice crystal size is
discretized into 30 bins, and the aspect ratio. D/L, used for the calculation is,

D/L = 1.00 if 0 <L < 30um
D/L = 0.80 if 30 <L < 80um
D/L = 0.50 if 80 < L < 200um

D/L = 0.34 if 200 < L < 500pm

D/L 0.22 if L > 500pum
Which roughly corresponds to the observations.

The solar radiative properties of ice cloud are parameterized as a function of IWC and Dge.

More generally, it is assumed as (Fu 1996),

B = IWC (a0+ al/Dge) (5.28a)
2 3
1-w = b0+b1Dge+b2Dge + b3Dge (5.28b)
2 3
g = ¢, tc Dge +c, Dge +c, Dge (5.28c)

Where the coefficients are obtained by numerical fitting to the single scattering properties
computed from an “exact” light scattering and absorption program. The ice density P, of

0.9167 g em " is used. The coefficients are given by Fu (1996) for a variety of spectrum
bands.
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The infrared radiative properties of ice cloud are parameterized in terms of IWC and Dge as,

2
B = IWC (a0 + al/Dge +a, /Dge) (5.29a)
_ Iwc 2 3
B, = b_ (b0+b1Dge+b2Dge + b3Dge) (5.29b)
2 3
g = ¢, tc Dge tc, Dge + c, Dge (5.29¢)

The single scattering albedo (w) is calculated from,

1 — w = Ba/B (5.30)

Using the composite light scattering and absorption scheme, the single scattering properties
of cirrus clouds are derived at 36 wavelengths from 4 to 100 um. The coefficients are
obtained by numerical fitting to the single scattering properties computed from the composite
scheme for 28 ice crystal size distributions. These coefficient values are given by Fu et al.
(1998) for a variety of infrared spectrum bands.

Based on the works of Fu (1996) and Heymsfield and McFarquhar (1996), we can
obtain the relationship between generalized effective size (Dge) and effective radius ( T ) of

the ice crystals as,

D = 103157 (5.31)
ge el

The coefficient is an updated value.

The effective radius of ice crystals (rel_) is calculated based on Heymsfield and

McFarquhar (1996) as a function of temperature and IWC,

0.109

r = (1250/9.917) - IWC if (T — 273.16) < — 50 (5.32a)
r = (1250/9.337) - Iwc"" if —50 < (T —273.16) < — 40 (5.32b)
r_ = (1250/9.208) - IWC"™™  if —40 < (T —273.16) < — 30 (5.32¢)
r = (1250/9.387) - Iwc""! if —30 < (T — 273.16) (5.32d)

el
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For GFDL microphysics, the calculation are as follows: first using equation (5.32) to
calculate the effective radius (r ) for ice cloud, then convert it to the generalized effective

ei

size (Dge) using equation (5.31), and finally obtained the optical properties of the ice cloud

using equations (5.28) and (5.29).

For Thompson and WSM6 microphysics schemes, the effective radius for ice crystals
and snow are calculated in the microphysics schemes. The ice water path is calculated using
equation (5.24), and the snow water path is calculated by summing the snow water path and
graupel water path.

For The Morrison-Gettelman microphysics scheme (MG3) (Morrison and Gettelman
2008, 2015; Gettelman et al. 2019), the effective radii for liquid cloud water, rain water, ice
cloud and snowflakes are calculated in the MG3 microphysics scheme. The liquid water
cloud path, rain water path, ice cloud water path and snow water path are calculated similarly
to those in the Thompson and WSM6 microphysics schemes.

In summary, if the microphysics scheme has calculated the effective radii of the liquid
water cloud, rain water, ice cloud and snowflakes, those effective radii can be passed to the
cloud scheme and be used to calculate the optical properties of the cloud and precipitate. If
there is no effective radius passed to the cloud scheme, the effective radius will be
parameterized similarly to those used for the GFDL microphysics scheme.

5.4 Aerosol optics

Aerosols are usually a combined mixture of particles of different sources. Different
components have different optical properties and relative humidity dependency. The
operational GFS model uses a globally distributed aerosol data set OPAC (Optical Properties
of Aerosols and Clouds) with horizontal resolution of five-degrees longitude-latitude (Hess et
al 1998). A new global aerosol data set MERRA-2 (which is discussed in section 7.2) is
currently under tests in GFS and may become operational in the future.

In the OPAC aerosol data set, climatological data of aerosol components are given at
each geographic location (a five-degree grid area), including the aerosol profile type, the
mixing ratios of the aerosol components, the mean particle number density, and the optical
properties of each aerosol component. Seven typical vertical distribution profiles are
specified. For each of the profiles chosen (based on different geographic location), up to five
distinct vertical atmospheric domains are given, and up to ten different types of aerosol
components are used to construct the aerosol profile. Based on the source of their origin, the
ten types of aerosols (Koepke et al 1997 table 1; or Hou et al 2002 table 4) are divided into
two groups. The first group includes six aerosol types, and their optical properties are not

33



sensitive to the atmospheric humidity. The coefficients for the first group of aerosol
components are given by Hess et al. (1998). The second group contains four aerosol types.
Those aerosols may absorb water content in the atmosphere. To account for variations of
optical properties of these aerosols due to the changing of ambient relative humidity, a simple
parameterization is given as (Hess et al. 1998),

SU'L, = 4, + a, R, + ay,; R, (5.33a)
i = bOU,j + blv,}, R, + szjj R, (5.33b)
W= COU’], + clU’j R0 + CZUJ_ R1 (5.33c)
oi = dOU,j + dlv,j R, + dZU,j R, (5.33d)
Where
= RH — 0.5

R = exp(y, R)
2

R, =R
2 0

Values of a, b, and ¢ and y are specified. RH denotes the atmospheric relative humidity.

From the lower troposphere, up to the middle of the stratosphere, aerosol types, number
concentrations, and radiative properties are specified. No traceable aerosol exists in the
upper stratosphere. Up to five different types of aerosol components (out of a total of 10
distinct types) are given for each of the five-degree geographic locations. The effective
optical properties of the aerosol mixture can be expressed as (Hou et al. 2002),

5 = NYc3, (5.34a)
w = > cw. 5 /Y ¢, 8Ul, (5.34b)
g9, = D c.g,o /> o (5.34c¢)

. . , th
Where ¢ is the mixing ratio of the i~ aerosol component, SW,, C ., w ., and g, are

coefficients for extinction, scattering, single scattering albedo, and asymmetry factor,

respectively, for a spectral band v. N is the climatological mean value of aerosol particle
number density in the domain.

The optical depth of aerosol of each model vertical layer is then readily defined as,
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=5 H(e =" fH >0 5.35
Toe = Sk (e —e ) ifH = (5.35a)

T = Su’k Az, otherwise (5.35b)

Where H is the scale height of aerosols, z, and Az, are height of the k™ model level and

layer thickness in km, respectively.

bz, = Hy [Iny,,) = 0, ) | (5:36)

Where H, is the k" layer’s mean atmospheric scale height in km computed by model’s

hydrostatic equation, P and Pryr), A€ the pressure at the interfaces of layer k.

5.5 Gas optics

The shortwave and longwave radiative transfer can be accurately calculated by high
spectral resolution line-by-line models such as LBLRTM (Clough et al. 1992). Depending on
the number of spectral intervals, the cost of the computation can be enormous. Therefore,
most of the GCM models are using the K-distribution method in recent years. GFS using
RRTMG for the radiative transfer calculations (discussed in section 6). In RRTMG, the
correlated k-distribution method is used. The shortwave and longwave regions are split into a
number of bands. The gas absorptions are reordered within each band from the least to the
most absorbing, as a function of the new coordinate, g, that varies from 0 (least absorbing) to
1 (most absorbing). The smooth absorption distribution versus g is then discretized by a
handful of g-point, and each g-point is treated as monochromatic by the other parts of the
radiation scheme.

In RRTMG, all gas, aerosols and cloud modules must use the same spectral
discretization. Therefore, we need to ensure that the aerosol and cloud optical modules load
the scattering data files with a matching spectral discretization.
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6. RRTM, RRTMG and RRTMGP Radiative Transfer Models

The Rapid Radiative Transfer Model (RRTM) calculates shortwave fluxes, longwave
fluxes and cooling rates for applications to general studies of the atmospheric radiative
transfer and for implementation into GCMs (Mlawer et al. 1997). The correlated-k method
was selected by RRTM for its computational efficiency with accuracy consistent with
line-by-line radiative transfer models (LBLRTM) (Clough et al. 1992), and its direct
adaptability to multiple-scattering calculations. RRTM carefully selects the band structure to
handle various major (key-species) and minor absorbers, and uses two pressure regions for
optimal treatment of various species. RRTM has been extensively validated against LBLRTM
as well as against measurements. Based on the validation results, an accelerated version of
the RRTM (RRTMG) has been produced for GCMs. RRTMG shares the same basic physics
and absorption coefficients as RRTM, but it incorporates several modifications that improve
computational efficiency and represent subgrid-scale cloud variability (Mlawer et al. 2016). In
particular, the total number of quadrature points (g-points) used to calculate radiance in the
longwave was reduced from 256 in RRTM_LW to 140 in RRTMG_LW. In the shortwave, the
number of g-points was reduced from 224 in RRTM_SW to 112 in RRTMG_SW. In addition,
the multiple scattering code DISORT employed by RRTM_SW was replaced with a much
faster two-stream radiative transfer solver (Oreopoulos and Barker 1999) in RRTMG_SW.
The McICA approach is used in RRTMG to address the complexity of representing fractional
cloudiness in the presence of multiple scattering. The McICA is a statistical technique for
representing subgrid-scale cloud variability including cloud overlap (Pincus et al. 2003).

6.1 The k-distributions and the correlated-k method

The k-distribution method for the computation of radiative transfer is based on the
grouping of gaseous spectral transmittances according to the absorption coefficients kU(Liou

1992). In a homogeneous atmosphere, spectral transmittance is independent of the ordering
of k for a given spectral interval. Hence, the wavenumber integration may be replaced by an
integration over the k space. Assume the normalized probability distribution function for ku in

the interval Av is given by f(k), and let the maximum and minimum absorption coefficients
with Av be kmax and kmm, respectively, then the spectral transmittance may be expressed by,

o]

T-() = fe_k“uj—‘; = [e " fk) dk (6.1)
Av 0
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Where we have set kmax = oo and kmm = 0 for mathematical convenience, and u is the

path length (g cm_z) from absorbing gases and is defined as,

u(z) =

O N

pa(z') dz'

And P, denotes the density of the absorbing gas. We may further define a cumulative

probability function in the form,

k
gk) = {f(k) dk (6.2)

Where g(0) = 0, g(k » o) = 1,and dg(k) = f(k) dk. By definition, g(k) is a
monotonically increasing and smooth function in k-space, and therefore k(g) is also a smooth
function in g-space. Using the g-function, the spectral transmittance can be written as,

—k(g)u

1
T = [ Pdg =
0 J

M

e Ag. (6.3)
=1 J
Therefore, the line-by-line (wave number) integration can be evaluated by a finite sum of
exponential terms, as shown in equation (6.3).

The correlated-k method (or correlated k-distribution method) is an extension of the
k-distribution method to nonhomogeneous paths first proposed by Lacis et al. (1979). In this
method, the vertical nonhomogeneity of the atmosphere is accurately accounted for by
assuming a simple correlation of k-distribution at different temperature and pressure. It is
assumed that 1) the absorption coefficients at two wavenumbers, v, and v, (i # j), are the

same at any arbitrary pressure and temperature, if they are the same at a reference pressure
and temperature, 2) the ordering of the absorption coefficient with respect to its value is
independence of pressure and temperature, and only one g exists for a given v at different
levels.

Considering a nonhomogeneous atmosphere, the spectral-mean transmittance between
two heights, z, and z,, can be written in the form (Fu and Liou, 1992),

V4
1

T-(w) = Af exp [— [k @pT)p (2) dz }j— (6.4)
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Under the assumptions 1) and 2) described above, Fu and Liou (1992) shows that equation
(6.4) can be written as,

Z

1 2
T-(w) = [exp |- [k(g,p.T)p (2)dz |dg (6.5)
0

Z
1

The method for calculating spectral-mean transmittance in a nonhomogeneous atmosphere
based on equation (6.5) is referred to as the correlated k-distribution method (CKD).

Like the k-distribution method, the correlated-k method can be used for absorption bands
in both solar and thermal infrared spectra and, at the same time, the results from this method
can be directly incorporated into multiple-scattering processes associated with cloud and
aerosol particles.

6.2 RRTMG_SW

RRTMG_SW contains 14 spectral bands (with 112 g-points) spanning a spectral

wavenumber range of 820-50000 em (corresponding to a wavelength range 0.2-12.2 um),
each spectral band focuses on a specific set of atmospheric absorbing species as shown in
Table 1.

Table 1. RRTMG-SW spectral bands and the corresponding absorbing species

Band Wavenumber Number of Lower Atm Lower Atm Mid/Up Atm Mid/Up Atm

# Range g-points (Key) (Minor) (Key) (Minor)
16 2600-3250 6 H20,CH4
17 3250-4000 12 H20,C02 H20,C02
18 4000-4650 8 H20,CH4 CH4
19 4650-5150 8 H20,C02 Cco2
20 5150-6150 10 H20 CH4 H20 CH4
21 6150-7700 10 H20,C02 H20,C02
22 7700-8050 2 H20,02 02
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23 8050-12850 10 H20 -

24 12850-16000 8 H20,02 02

25 16000-22650 6 H20 -

26 22650-29000 6 - -

27 29000-38000 8 03 03

28 38000-50000 6 03,02 03,02
29 820-2600 12 H20 C0o2

As mentioned before, each g-point is treated in an equivalent manner as a spectral point
is treated in a monochromatic radiative transfer method. All the radiative transfer theories
and calculations discussed in sections 2 and 5 for shortwave radiation are valid. Scattering
due to clouds greatly complicates the SW radiative transfer computations. To balance the
trade-off between accuracy and speed, RRTMG-SW uses a two-stream approximation
method with a delta-function adjustment. Several variations of the delta-adjustment
two-stream methods are included in the GFS radiation transfer code; each holds its own
strengths and shortcomings (King and Harshvadhan, 1986). The default (the same in
operation runs) selection (iswmode=2) activates the Practical Improved Flux Method (PIFM)
by Zdunkowski et al.(1980).

6.3 RRTMG_LW

RRTMG_LW contains 16 spectral bands (with 140 g-points) spanning a spectral

wavenumber range of 10-3250 em (corresponding to a wavelength range 3.08-1000 um),
each spectral band focuses on a specific set of atmospheric absorbing species as shown in
Table 2.

Table 2. RRTMG-LW spectral bands and the corresponding absorbing species

Band Wavenumber Number of  Lower Atm Lower Atm Mid/Up Mid/Up Atm

# Range g points (Key) (Minor) Atm (Key) (Minor)

1 10-350 8 H20 N2 H20 N2
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2 350-500 14 H20 H20
3 500-630 16 H20,C02 N20 H20,C02 N20
4 630-700 14 H20,C02 03,C02
5 700-820 16 H20,C02 03,CCL4 03,C02 CCL4
6 820-980 8 H20 C0o2 CFC11,CFC12
7 980-1080 12 H20,03 C0o2 03 C0o2
8 1080-1180 8 H20 CFC12,CFC22 | 03 CFC12,CFC22
C02,03,N20 CO2,N20
9 1180-1390 12 H20,CH4 N20 CH4 N20
10 1390-1480 6 H20 H20
11 1480-1800 8 H20 02 H20 02
12 1800-2080 8 H20
13 2080-2250 4 H20,N20 03
14 2250-2380 2 COo2 C0o2
15 2380-2600 2 N20,C02
16 2600-3250 2 H20,CH4 CH4

RRTMG uses the absorption approximation (AA) for longwave radiative transfer calculation.
Under the assumptions that (1) the Planck function varies linearly along the absorbing path in
the layer and (2) the layer is homogeneous with respect to pressure, temperature, and
species distribution with a characteristic absorption coefficient for the layer, the
spectrally-averaged outgoing radiance from the atmosphere layer can be written as (Mlawer
et al. 1997),

v

fz dv [B'(v,T)

v
1

1

v.—V
VL ,7Y,

=1}
Il
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+ [R,(v) =B (v, T)] exp(— k(v, P, 0) %) (6.6)

Where v, and v, are the beginning and ending wavenumbers of the spectral interval, R0 is

the incoming radiance to the layer, B*(U, TU) is an effective Planck function for the layer, TUis

the transmittance for the layer , k(v, P, ) is the absorption coefficient at layer with pressure P
and temperature 6, and p is the absorber density.
Under the mapping v — g, equation (6.6) becomes,

1
R,,= [ dg{B(gT)
0

+ R (@) ~ B @7 ) exp(~ kPO 2 (6)

Where all the terms in equation (6.7) with dependence on v has been transformed using the
mapping v = g. Despite the noncontinuous nature of the effective Planck function with
respect to g, the smooth monotonically increasing behavior of the function k(g) can be
achieved by partitioning the domain of the variable g into subintervals , each corresponding
to a limited range of k(g) values, and determining a characteristic value kj of the absorption

coefficient for each subinterval. This characteristic value is used to compute the outgoing
radiance for the entire subinterval. The resulting radiances, weighted by the sizes Wj of their

respective subintervals (3 Wj = 1), are summed to yield an approximation to the average

radiance of equation (6.7):

=YW |B + (R, — B)exp(~k=25) (6.8)
j 1

The only error introduced in the procedure is due to the use of single kj, Roj and B; values for
each subinterval instead of the full set of k(v) and RU values. There is no error caused by the

reordering procedure.
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Similar to the band model discussed in section 4.2, the above method is extended to
obtain the radiative transfer for vertically inhomogeneous atmosphere by dividing the
atmosphere into layers, each layer is treated as described above, and using the outgoing
radiance at each value of g as the incoming radiance for the same g value for the adjacent
layer. This procedure treats each subinterval of g in an equivalent manner as a spectral point
is treated in a monochromatic radiative transfer method. Under the condition that the k
distribution in a given layer is fully correlated in spectral space with the k distribution in the
next layer, the extension of this method to an inhomogeneous atmosphere is exact. However,
In general the mapping v — g is not fully correlated between the adjacent layers, so the
correlated-k method is only an approximate treatment of the radiative transfer for an
inhomogeneous atmosphere.

6.4 RRTMGP

RRTMG radiation code was developed at AER ~ 20 years ago (funded by ARM
1995-2000). The FORTRAN code is written for CPUs, and has many conditional branches
aimed at minimizing the number of floating-point operations. The code is also not effectively
vectorized and is generous in its use of memory. The RRTMG is also less accurate and is
based on out-of-date spectroscopy, and needs tuning occasionally.

RRTMGP (‘P’ stands for ‘parallel’) (Pincus et al, 2019) is a new version of the RRTMG
radiation code. The RRTMGP is a high-performance broadband radiation code for the current
generation of computational architectures. The RRTMGP code is completely re-written, and
the new code consists of two related code bases: RTE and RRTMGP. RTE provides methods
for solving a spectrally detailed radiative transfer problem; its complement, RRTMGP,
determines the parameters (i.e, optical properties and source functions) of such a radiative
transfer problem for the gaseous component of the atmosphere given the physical state and
composition. RTE+RRTMGP is written in FORTRAN 2003, and many components are
implemented as FORTRAN classes. Most of the calculation schemes are redesigned and
rewritten for computation accuracy, efficiency, and flexibility in the parallel computation
environment. RRTMGP code exhibits profound improvements in speed for GPU and vector
CPU machines and lesser, but still valuable, speed-ups on other CPU-based platforms
relative to the current version of the code.

RRTMGP code uses 16 bands for LW and 14 bands for SW (the band intervals are
slightly different compared to those in RRTMG), with 16 g-points in each band (total 256
g-points for LW and 224 g-points for SW). In the RRTMGP code, the surface pressure is
increased to 1096mb (from 1054mb in RRTMG), and the temperature range is expanded to
160-355K (from 160-340K in RRTMG), so the absorption coefficients are valid for more
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extreme cases. RRTMGP also improves accuracy of the radiative flux calculations following
the improvement of the LBLRTM based on the new spectroscopic knowledge.

Table 3 and Table 4 show the band structures used in the current version of RRTMGP
for shortwave and longwave, respectively. The band values in the longwave differ modestly
from those in RRTMG. The ordering of shortwave bands is strictly monotonic, abandoning
the idiosyncratic ordering of RRTMG. Both changes imply that any fits, for example, for cloud
optical properties made for RRTMG will need to be revisited before use in RRTMGP. For
detailed information, the reader is referred to Pincus et al (2019).

Table 3. RRTMGP-SW spectral bands and the corresponding absorbing species

Band Wavenumber Number of Lower Atm Lower Atm Mid/Up Atm Mid/Up Atm

# Range g points (Key) (Minor) (Key) (Minor)
1 820-2680 16 H20,C02 CH4,N20,N2 | H20,C02 CH4,N20,03
2 2680-3250 16 H20,CH4 CH4
3 3250-4000 16 H20,C02 H20,C02
4 4000-4650 16 H20,CH4 CH4
5 4650-5150 16 H20,C02 Cc0o2
6 5150-6150 16 H20 CH4 H20 CH4
7 6150-7700 16 H20 C0o2 H20,C02
8 7700-8050 16 H20,02 H20,02
9 8050-12850 16 H20 02 H20 03
10 12850-16000 16 H20,02 03 H20,02 03
11 16000-22650 16 H20 03,02N02 |03 02,N02
12 22650-29000 16 - NO2 - NO2
13 29000-38000 16 03 03
14 38000-50000 16 03,02 03,02
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Table 4. RRTMGP-LW spectral bands and the corresponding absorbing species

Band Wavenumber Numberof Lower Atm Lower Atm Mid/Up Mid/Up Atm
1 10-250 16 H20 N2 H20 N2
2 250-500 16 H20 H20
3 500-630 16 H20,C02 N20 H20,C02 | N20
4 630-700 16 H20,C02 03,02
5 700-820 16 H20,C02 03,CCL4,CFC-22 | 03,C02 CCL4,CFC-22
6 820-980 16 H20 CO2,CFC-11,CFC | — CFC-11,CFC-12,
-12,HFC-143a HFC-143a
7 980-1080 16 H20,03 C0o2 03 C0o2
8 1080-1180 16 H20 C02,03N20,CF | 03 C02,CO,CFC-12,
C-12,CFC-22,HF CFC-22,HFC-23,
C-23,HFC-32,HF HFC-32,HFC-12
C-125,HFC-134a 5HFC-134a
9 1180-1390 16 H20,CH4 N20,CF4,HFC-13 | CH4 N20,CF4,HFC-1
4a,HFC-143a 34a,HFC-143a
10 1390-1480 16 H20 H20
11 1480-1800 16 H20 02 H20 02
12 1800-2080 16 H20,CO2 | |-
13 2080-2250 16 H20,N20 coz2co | 03
14 2250-2390 16 C0o2 C0o2
15 2390-2680 16 H20,C02 N20,N2
16 2680-3250 16 H20,CH4 CH4
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7. Climatology Data

The GFS model uses some climate fields that do not depend on initial conditions and
forecast steps. Some of the fields need to be updated when new data is available. The
section discusses where and how to obtain these climate data.

7.1 Astronomy data

Solar constant needs to be updated about every 11 years. Dr. Van den Dool kindly provided
the solar constant update in 2005, 2011 and 2019. The following paragraph is written by Dr.
Van den Dool:

The solar constant is updated based on a regression for the annual means solar constant S
and sunspot number N,

S =a*N + b,

This relation predicts the solar constant from the sunspot number. The Total Solar Irradiance
TSI (or S) data is downloaded from https://spot.colorado.edu/~koppg/TSI/ for 1750-2018
(2019 not yet available). These are annual S numbers. For the period 1979-2018, it is
assumed that these are actually measurements by satellite (calibrated and calibrated some
more). For 1979-2018 we also downloaded annual sunspot numbers (N) derived from
http://sidc.oma.be/silso/datafiles . For 1979-2018 we then find S=0.004*N +1361 as
regression with a modest 0.83 correlation. This regression is applied to the predicted
sunspot number (N) out of SWPC (their latest update of the forecast for solar cycle 25 made
in Dec 2019). This yields estimates of the solar constant S for 2019-2033. (This is a little
farther out than 11 years since SWPC expects a very long next cycle of 13 rather than 11
years. The next cycle is also expected to be weak.) The result is given in the Table
immediately below, as well as in the attached excel (in the manner NCO wants it).

Table: Annual solar constants with 1361W/m? subtracted. Along each row we have 10
years.

+0 +1 +2 +3 +4 +5 +6 +7 +8 +9
1850 0.70 0.50 0.42 0.29 0.10 -0.02 -0.12 -0.05 0.19 0.48
1860 0.63 0.62 0.50 0.35 0.30 0.28 0.16 0.03 0.15 0.47
1870 0.68 0.97 0.73 0.63 0.34 0.01 -0.22 -0.28 -0.39 -0.41
1880 -0.24 0.09 0.15 0.11 0.32 0.22 0.06 -0.14 -0.19 -0.22
1890 -0.23 -0.12 0.17 0.35 0.47 0.34 0.23 -0.06 -0.11 -0.18
1900 -0.27 -0.36 -0.37 -0.28 0.01 0.00 0.24 0.13 0.15 0.02
1910 -0.08 -0.29 -0.34 -0.29 -0.21 0.10 0.41 0.57 0.78 0.46
1920 0.12 -0.11 -0.30 -0.40 -0.40 -0.30 0.04 0.31 0.24 0.10
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1930 0.19 -0.05 -0.15 -0.16 -0.14 -0.02 0.44 0.72 0.67 0.63
1940 0.40 0.25 0.08 -0.09 -0.09 0.15 0.28 0.72 0.92 0.73
1950 0.62 0.19 0.11 0.03 -0.02 0.11 0.49 1.10 1.36 1.06
1960 0.93 0.58 0.19 0.01 -0.12 -0.17 -0.07 0.14 0.44 0.53
1970 0.41 0.24 0.19 0.07 -0.02 -0.04 -0.06 0.05 0.23 0.76
1980 0.69 0.71 0.42 0.39 -0.02 -0.16 -0.11 -0.03 0.28 0.74
1990 0.68 0.59 0.53 0.31 0.12 0.02 -0.10 0.08 0.47 0.73
2000 0.95 0.90 0.97 0.50 0.30 0.14 0.10 0.00 -0.02 -0.01
2010 0.23 0.46 0.59 0.61 0.59 0.70 0.34 0.21 0.26 0.04
2020 0.04 0.06 0.12 0.20 0.36 0.44 0.46 0.40 0.32 0.20
2030 0.12 0'08 0.06 O'04******************************************

A few more comments from Dr. Van den Dool: (Dec 2019)

1) We have performed the tasks in 2005 and 2011, and now in 2019. The status of the
data (calibration) and availability (daily, annual etc) were very different at these three
moments in time. Some basic uncertainties remain, both about N and TSI, for a casual user
and different outlets exist.

2) The regression relating N to S has become weaker when adding the data for
2011-2018, which was a very weak solar cycle. One must acknowledge that data from 3 or 4
solar cycles is very little, and this situation will improve only slowly. While the regression is
based mainly on the quasi 11 year cycle, longer term changes enter the calculation. The last
few years appear ‘anomalous’ by having near zero N, but not very low S.

3) We are ‘lucky’ to deal with this question at this time. Normally SWPC does not make
forecasts for the next solar cycle until we are IN it. But on this occasion they made a forecast
for cycle 25 while cycle 24 may not yet have quite ended. It is difficult to know, in real time,
the exact moment when cycle M ends and cycle M+1 starts. The forecast for cycle 25 (or
what remains of it) will be updated in the coming years, but a forecast for any year >= 2033
may not be given until well after 2030.

4) The numbers in the above Table for 2019-2033 need to be replaced when the
observations become available, one for each year at some point in the next year. The new
solar cycle 25 may give us surprises, so we should not rely on outdated values for the next
many years. When someone takes a serious look at the observations X years from now we
also cannot rule out that more calibration has taken place and this would change the whole
Table back to 1850 or 1750.
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7.2 Aerosol

As discussed in section 5.4, GFS operational model currently uses globally distributed
aerosol data set OPAC, with horizontal resolution of five-degrees longitude-latitude (Hou et
al. 2002). Their data set includes both winter and summer climatological values of aerosol
distribution. At NCEP, the data set is interpolated to obtain monthly data with the same
horizontal resolution.

The optical properties of the atmospheric aerosols are computed from the five-degree
longitude-latitude data set (Hess et al. 1998; WMO WCP-112, 1986). Aerosol components
and vertical profiles are specified based on geographic location, and then the effective optical
properties of the aerosol mixture are calculated according to the aerosol components and
vertical profile for each of the five degree geographic locations.

A new global aerosol data set MERRA-2 (the Modern-Era Retrospective Analysis for
Research and Applications, version 2) (Buchard et al 2017, Randles et al 2017) is added to
the global model as an alternative aerosol data set (Cheng and Yang, 2023). This new
aerosol data has been tested and evaluated and will be included in the GFS for the
upcoming operational implementation. MERRA-2 is a global atmospheric reanalysis
produced by the NASA Global Modeling and Assimilation Office (GMAO). It spans the
satellite observing era from 1980 to the present. The MERRA-2 data has high spatial (72°
latitude by %° longitude and 72 model levels extending up to 1 hPa) and temporal (hourly)
resolutions. The climatology MERRA-2 data used by the GFS are monthly means averaged
from 2003 to 2014. Both the monthly averaged MERRAZ2 aerosol dataset and the associated
aerosol optical properties look-up-tables (LUTs) are provided by NASA GSFC.

The MERRA-2 data can be obtained from website:

https://climatedataquide.ucar.edu/climate-data/nasas-merra2-reanalysis

7.3 Greenhouse gasses

Concentrations of atmospheric greenhouse gasses are either obtained from global
network measurements, such as carbon dioxide (CO,), or taking the climatological constants,
such as methane, nitrous oxide, oxygen, and CFCs, etc. In the operational GFS, the actual
CO, value for the forecast time is an estimation based on the most recent 3-year
observations. In the lower atmosphere (< 3km) a monthly mean CO, distribution in 15 degree
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horizontal resolution is used, while a global mean monthly value is used in the upper
atmosphere.

Starting from 2018, the CO, data is downloaded from the World Data Center for
Greenhouse Gases (WDCGG). WDCGG is a World Data Centre (WDC) operated by the
Japan Meteorological Agency (JMA) under the Global Atmosphere Watch (GAW) programme
of the World Meteorological Organization (WMO). WDCGG collects, archives and distributes
data provided by contributors on greenhouse gasses (such as CO,, CH,, CFCs, N,O) and
related gasses (such as CO) in the atmosphere and elsewhere.

The web site: https://gaw.kishou.go.jp/

a) prior to 2018 NCEP data were collected from the following web sources
(discontinued):
Global Atmosphere Watch (GAW)

- http://gaw.kishou.go.jp (old site)
- http://ds.data.jma.go.jp/gmd/wdcgg/ (new)

b) additional sources used in early time, including data extracted from the ice core to
obtain CO, concentration prior 1957. Data from those sources have a different format than
the main data center (GAW) and need to process manually.

Note some of the website might not be accessible anymore, so some of old data
sources might be lost, thus the previously processed 2-d CO, data in the directory co2dat_4a
might not be reproducible.

DOE / Carbon Dioxide Information Analysis Center (CDIAC)

- http://cdiac.ornl.gov

NOAA / Climate Monitoring and Diagnostics Laboratory (CMDL)

- http://www.cmdl.noaa.gov

The downloaded data is processed, and three gridded monthly data sets (15 degree
horizontal resolution) are created to use in the NCEP NWP models. For example, we created
three new CO, data files in October 2022. The three CO, data files are: 1) The 2021 CO,
data set (file name: global_co2historicaldata_2021.txt). This new data file is created (and
replaces the old 2021 updated CO, file) since we have all the CO, data for 2021. 2) Updated
2022 CO, data set (file name: global_coZ2historicaldata_2022.txt_proj_u). This data is created
(and replaces the old projected 2022 CO, file) based on previous year CO, data and part of
the current year CO, data. 3) The 2023 projected data set (file name:
global_co2historicaldata_2023.txt_proj). This new data set is projected based on the 2021
and 2022 observed CO, data.
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7.4 Surface albedo

Surface spectral albedos for direct and diffuse radiation are needed for the radiation
transfer calculation. In addition, the surface energy balance equation needs the spectrally
integrated direct+diffuse albedo. In operational GFS, the Noah LSM is used. In a given model
grid, the area is divided into three possible fractions: ice cover which includes snow and sea
ice, open water, and land area without snow covering. The albedos for ice cover and open
water are parameterized based on zenith angle, surface temperature, orographic height,
snow depth, and surface roughness. The surface albedo for land is derived from the
Moderate Resolution Imaging Spectroradiometer (MODIS) instrument (Wang et al., 2014),
and modified based on zenith angle and snow cover. The final total surface albedo is
calculated based on the fraction coverage of the land, open water and ice fractions (Yang et
al. 2008).

In recent years, the Noah Multi-Parameterization (Noah-MP) model (Niu et al. 2011, Yang
et al. 2011) is used for the next generation of Noah LSM development. The Noah-MP
includes the calculation of albedo as a function of radiation transport within the canopy. A
two-stream formulation for solar radiation exchange within the plant canopy is used in
Noah-MP, which computes the surface albedo as a function of the solar elevation, diffuse and
direct solar radiation, vegetation properties, and bare soil/ground albedo. The overall ground
albedos of the direct and diffuse radiation are weighted as a function of “soil” and snow
albedos. There are detailed descriptions of the Noah-MP model in the NCAR technical report
(He et al. 2023).

8. Input to the Radiation Scheme

As described in previous sections, the RRTM radiation contains several components
(data and processes) for SW and LW calculation. In the radiation initialization stage, several
items need to be defined to properly execute the model. It includes essential input data and
parameters (radiation and cloud microphysics) for the choice of schemes.

The essential input data for radiation initialization are,
a. solar constant (7.1)
b. global aerosol data (7.2)
c. global CO, data (7.3)

d. global O, data (from data analysis)
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e. global surface emissivity data (7.4)

Because each cloud microphysics scheme has its unique hydrometers (contents and
size), in order to properly process the SW and LW, the parameters need to be defined.
There are also other major parameters that involve the universal process of cloud
information, cloud overlapping, sub-column cloud approximation, cloud condensate amount
vertical smoothing, cloud condensate horizontally normalization, and vertical direction index.

Following the CCPP (The Common Community Physics Package) metadata input table
for LW and SW main programs, the following data must be provided to the GFS RRTMG
subroutines,

Pressure at full and half levels.

Temperature at full and half levels.

Water vapor (specific humidity) at half levels.

Volume mixing ratios for the following gasses: O;, CO,, N,O, CH,, O,, CO, CFC11,
CFC12, CCLA4.

Aerosol optical depth, single scattering albedo, and asymmetry parameter.

Surface albedo and emissivity.

Surface ground temperature for longwave radiation.

Cosine of the Solar zenith angle.

Solar constant.

Seeds to generate random numbers for shortwave and longwave radiation calculation.
Horizontal cloud fraction of the grid box.

Cloud optical properties which includes the following: 1) cloud optical depth for some
selected band; 2) cloud liquid water path, cloud ice water path, cloud rain water path,
cloud snow water path; 3) mean effective radii for liquid water cloud, ice cloud,
raindrops and snowflakes.

The cloud optical properties are optional. For detailed input/output of the GFS RRTMG
radiation schemes, the reader is referred to DTC CCPP documentation (or GFS RRTMG
longwave/shortwave radiation FORTRAN code).
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9. FORTRAN Code Structure of the GFS Radiation Scheme

The GFS radiation package consists of two core radiative transfer models (LW and SW)
plus five supporting modules (gasses, clouds, aerosols, astronomy, and surface). This
structure is designed to work efficiently, and the radiation scheme connects easily with the
model dynamics and various model physics processes. With a standard 3-part core radiation
module structure (i.e. parameters, data, and main procedures) as well as setting up a unified
input/output argument list, different radiation core models (e.g. GFDL, NASA, and AER’s
RRTM/RRTMG, etc.) can be easily switched without code modifications to the other parts of
the model. The five supporting modules provide safer places for reduced coding error, and
easily locating and upgrading particular algorithms, as well as connecting smoothly with
external physics processes. Program coding, however, was selected at the halfway of the
standard FORTRAN-77 and modern FORTRAN-9x, due to the continuing evolution of the
program language at the time and different acceptance stages on different machine
compilers. As the modern coding standards become prevailing now, a new generation of
radiation core models, such as RTE-RRTMGP, has been developed by AER/WU. And a
further revision of the package’s overall structure would be preferred to better fit into the
modern numerical computation environment.

The GFS radiation module structure (copied from online CCPP scientific document,
version 2.0: https://dtcenter.ucar.edu/gmtb/users/ccpp/docs/sci_doc_v2/GFS_RRTMG.html)
is shown below,
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Schematic Radiation Module Structure

Driver Module

Initfupdate
main driver

Astronomy Module

Init/update
Mmean coszen

Gases Module Cloud Module
[ init/update [ atestan |
ozone prog cld1
cal prog cld2

Aerosol Module

| Init/update |

SW Param Module

LW Param Module

SW Data Table Module

LW Data Table Module

| clim aerosols |

| GOCART aerosols |

Surface Module
[ swalbedo
LW emissivity

swW M.ain Mod ulll.z
| initialization

| sw radiation

Dutputs :
total sky heating rates
surface fluxes {up/down)
toa atms fluxes (up/down)
Optian al outputs:
clear sky heating rates
spectral band heating rates
fluxes profiles (up/down)
surface flux components

LW Main Module
| Initialization

| In radiation

Outputs :
total sky heating rates
surface fluxes (up/down)
toa atms fluxes (up/down)
Optionel outputs:
clear sky heating rates
spactial band heating rates
fluses profilas {up/down)

The radiation flowchart based on CCPP is shown in the next page, only the major

subroutines/functions are listed in the flowcharts. The CCPP physics will be used in current

and future GFS implementations.
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Flowchart of the GFS radiation scheme based on CCPP

CCPP_driver.F90

call ecpp_physies_init
call ccpp_physies _run
call ccpp_physies finalize

ccpp_SUITE radiation cap.F90
(auto-generated module for CCPP)

Function: SUITE_radiation_init_cap
Function: SUITE radiation_run_cap

Call GFS_rrtmg_pre_run:
call getozn
call coszmn
call getgases
call setaer
call progeldXX (XX cloud scheme
choice)
call rrtmg_sw_run

ccpp_static_api.F90
(auto-generated API for CCPP)

subroutine cepp_physics init
call function: SUITE time vary init_cap
call GFS_mtmg setup init: call radinit
call s0l_init (radiation_astronomy.f)
call aer_init (radiation_acrosols.f)
call gas init (radiation gases.f)
call sfc_init (radiation surface.f)
call eld_init (radiation_clouds.f)
call rlw_init (radlw_mam.f)
call rsw_mit (radsw_main.f)
call GFS_phys time vary_init:
call read o3data
call read h2odata
call read_aerdata
subroutine cepp_physics rmn

call rrtmg_hw_run
Function: SUITE radiation|finalize cap

Y

radlw_main.f

(module rrtmg_lw)

subroutine rrtmg_lw_run
call cldprop: caleulate cloud optical
properties

call setcoef

call taumol: caleulates optical depths and
planck fractions for each
longwave spectral band

call rtrnme (or rtrnmr. rtrn) based on

“lovrlw™ & “1subelw™

call SUITE radiation run_cap
call SUITE time vary_run_cap:
call GFS_mrtmg setup run: radupdate
call sol update
call aer_update
call gas_update

subroutine ccpp_physics_finalize

|

radsw_main.f
(module rrtmg_sw)

subroutine rrtmg_sw_run

call eldprop: cld optical property funes
for each cloudy layer

call setcoef

call taumol: optical depth for gas &
Raleigh scattering

call spevrtm (or spevrte): two-stream
SW radiation flux
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