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ABSTRACT

The current operational eddy-diffusivity countergradient (EDCG) planetary boundary layer (PBL) scheme in the

NCEP Global Forecast System (GFS) tends to underestimate the PBL growth in the convective boundary layer

(CBL). To improve CBL growth, an eddy-diffusivity mass-flux (EDMF) PBL scheme is developed, where the

nonlocal transport by large turbulent eddies is represented by a mass-flux (MF) scheme and the local transport by

small eddies is represented by an eddy-diffusivity (ED) scheme. For the verticalmomentummixing, theMF scheme

is modified to include the effect of the updraft-induced pressure gradient force. While the EDMF scheme displays

better CBL growth than the EDCG scheme, it tends to overproduce the amount of low clouds and degrades wind

vector forecasts over the tropical ocean where strongly unstable PBLs are rarely found. In order not to degrade the

forecast skill in the tropics, a hybrid scheme is developed, where the EDMF scheme is applied only for the strongly

unstable PBL,while theEDCGscheme is used for theweakly unstable PBL.Alongwith the hybridEDMF scheme,

the heating by turbulent kinetic energy (TKE) dissipation is parameterized to reduce an energy imbalance in the

GFS.To enhance a tooweak vertical turbulentmixing forweakly andmoderately stable conditions, the current local

scheme in the stable boundary layer (SBL) is modified to use an eddy-diffusivity profilemethod. The hybrid EDMF

PBL scheme with TKE dissipative heating and modified SBL mixing led to significant improvements in some key

medium-range weather forecast metrics and was operationally implemented into the NCEP GFS in January 2015.

1. Introduction

The planetary boundary layer (PBL) scheme in the

National Centers for Environmental Prediction’s (NCEP)

Global Forecast System (GFS) adopts an eddy-diffusivity

countergradient (EDCG) mixing approach (Deardorff

1966; Troen and Mahrt 1986; Hong and Pan 1996; Han

and Pan 2011) to take into account nonlocal transport by

strong updrafts in the daytime convective boundary

layer (CBL). Although the GFS EDCG PBL scheme

provides a realistic CBL development projection despite

its simplicity, it has been found to underpredict the day-

time CBL growth (Noh et al. 2003; Siebesma et al. 2007).

Siebesma et al. (2007) show that the underestimation of
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the CBL growth by the EDCG approach is due to too

weak entrainment flux at the CBL top, which is caused

by a positive countergradient (CG) term over the

entire CBL.

To have better PBL growth in the CBL, an eddy-

diffusivity mass-flux (EDMF) PBL scheme is developed

based on Siebesma and Teixeira (2000), Soares et al.

(2004), and Siebesma et al. (2007). In the EDMF ap-

proach, the nonlocal subgrid transport due to the strong

updrafts is taken into account by a mass-flux (MF)

scheme and the remaining transport by smaller eddies is

handled by an eddy-diffusivity (ED) scheme. The non-

local momentum transport is also developed with the

MF approach, which is missing in the original Siebesma

et al. (2007) EDMF scheme.

PBL models based on the EDMF concept are being

more widely used in weather and climate prediction

models. For example, Köhler et al. (2011) imple-

mented an EDMF scheme in the European Centre

for Medium-Range Weather Forecasts (ECMWF)

model. Hourdin et al. (2013) presented an imple-

mentation of the thermal plume model (Rio and

Hourdin 2008), an EDMF-type scheme, in the Labo-

ratoire de Météorologie Dynamique model (LMDZ;

with Z standing for the model zoom capacity).

Recently, Su�selj et al. (2014) developed a unified

boundary layer and shallow convection parameteri-

zation based on a stochastic EDMF approach and

implemented the scheme in the Navy Global Envi-

ronmental Model (NAVGEM).

Initial tests indicate that while the EDMF scheme

predicts the CBL growth well, it tends to have too

much vertical mixing in wind and moisture over the

tropics, giving rise to unrealistically large low cloud

amounts as well as largely degraded wind vector

forecasts in the tropics. This led to the development

of a hybrid EDMF PBL scheme, which will be dis-

cussed in detail later. On the other hand, heating by the

dissipation of turbulent kinetic energy (TKE) is usu-

ally neglected in numerical weather and climate pre-

diction models because of its small magnitude. Bister

and Emanuel (1998) first recognized that the viscous

dissipation of TKE can be a significant source of heat

in hurricanes. Afterward, many studies (e.g., Zhang

and Altshuler 1999; Jin et al. 2007) have shown that the

inclusion of TKE dissipative heating increases the

surface maximum wind by about 10%–30% in hurri-

cane forecasts. In this study, the TKE dissipative

heating is parameterized and included in the hybrid

EDMF PBL scheme. In addition, the current local

scheme in the stable boundary layer (SBL) is modified

to improve vertical turbulent mixing for weakly and

moderately stable conditions.

The implementation procedure associated with model

physics changes in the NCEP operational numerical

weather prediction (NWP) system is as follows: 1) identify

model forecast biases or problems (e.g., the present

study was motivated by the problem of underestimated

PBL growth with the current EDCG PBL scheme in

strongly unstable conditions), 2) reduce the bias by

updating the model physics with more realistic param-

eterizations (e.g., develop the EDMF PBL scheme to

have better PBL growth in strongly unstable condi-

tions), 3) test the updated scheme in the operational

mode, and, finally, 4) implement the scheme into the

operational model if the forecast skill is improved or at

least neutral, otherwise, reject the scheme even though

it may be more realistic in many respects. A better

scheme is not always guaranteed to produce a statisti-

cally improved forecast skill due to adverse interactions

among model physics parameterizations and with the

dynamics. While more specific case studies are helpful

for a detailed investigation on how and why a particular

scheme improves the forecast, our study focuses on

statistical forecast skill improvement over the longer

term, which is the main concern in operational NWP

centers.

Details of the parameterizations and modifications

are described in section 2. In section 3, we evaluate the

impacts of the new scheme on medium-range forecasts.

Finally, in section 4 we summarize our study.

2. Development of hybrid EDMF PBL
parameterization with dissipative heating and
modified SBL mixing

The NCEP GFS is a global spectral model for

weather and climate prediction. The radiation param-

eterization uses the Rapid Radiative Transfer Model

(RRTM) adapted from Atmospheric and Environ-

mental Research (AER), Inc. (e.g., Mlawer et al. 1997;

Iacono et al. 2000; Clough et al. 2005). The orographic

gravity wave drag parameterization is adopted from

Kim and Arakawa (1995). The cloud condensate is a

prognostic quantity with a simple cloud microphysics

parameterization (Zhao and Carr 1997; Sundqvist et al.

1989; Moorthi et al. 2001). The fractional cloud cover

used for radiation purposes is diagnostically determined

by the predicted cloud condensate, following the study by

Xu and Randall (1996). The Noah land surface model

(Ek et al. 2003) is used and the surface layer similarity

formulations are based on Long (1986, 1989).

Recently, parameterizations for deep and shallow

cumulus convection and vertical turbulent mixing have

been greatly revised (Han and Pan 2011). The shallow

cumulus convection scheme now employs a mass-flux
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parameterization replacing the old turbulent diffusion–

based approach. For deep cumulus convection, the

scheme was revised to make convection stronger and

deeper to suppress excessive grid-scale precipitation. The

PBLmodel was revised to enhance turbulent diffusion in

stratocumulus regions. In this study, we further update

the PBL model using the EDMF approach.

a. Hybrid EDMF parameterization for the CBL

In theGFSEDCGPBL scheme, the vertical turbulent

flux of a field f for the dry CBL is given by

w0f0 52K

�
›f

›z
2 g

�
, (1)

where overbars indicate a spatial average, primes rep-

resent turbulent fluctuations, K is the turbulent eddy

diffusivity, and g is the nonlocal CG mixing term due to

large nonlocal convective eddies and applied only to the

temperature field. The formulation for g is given by

(Troen and Mahrt 1986)

g5 b
(w0f0)

0

w
s
h

, (2)

where (w0f0)0 is the surface turbulent flux of variable f,

ws is a velocity scale, h is the PBL height, and b is a

constant. For the turbulent heat flux, therefore, the CG

term in Eq. (1), Kg, is always positive since the surface

heat flux in the CBL is positive. The scheme adopts an

eddy-diffusivity profile K derived by Troen and Mahrt

(1986) as

K5Pr21kw
s
z
�
12

z

h

�p

, (3)

where k 5 0.4 is the von Kármán constant and Pr is the

Prandtl number. The exponent p 5 2 is used.

Figure 1 compares the vertical profiles of potential

temperature and turbulent heat flux simulated after 8 h

by a large-eddy simulation (LES) with the GFS single-

column model (SCM) result using the EDCG scheme.

For the simulations, an initial potential temperature

profile u 5 288K 1 (3Kkm21)z is used and a constant

surface buoyancy flux (83 1023m2 s23) is specified. The

LES model used here is version 6 of the System for

Atmospheric Modeling (SAM; Khairoutdinov and

Randall 2003). The vertical grid size for the SCM is 50m,

which is the same as that in the LES. Figure 1b clearly

shows that the underprediction of the CBL growth seen

in Fig. 1a is caused by a too weak entrainment flux at the

CBL top due to the positive CG term over the entire

CBL, as also shown by the Siebesma et al. (2007) study.

Note that the CBL growth is influenced by both the heat

flux at the surface and the entrainment flux at the top.

In the EDMF scheme (Siebesma et al. 2007), the

nonlocal countergradient mixing term in Eq. (1) is re-

placed by a mass-flux approach; that is,

w0f0 52K
›f

›z
1M(f

u
2f) , (4)

where the subscript u refers to the updraft properties

and M denotes the updraft mass flux. The mass flux is

given by

FIG. 1. SCM results with the EDCG scheme compared with LES results after an 8-h simulation. Vertical profiles of

(a) potential temperature and (b) total turbulent heat fluxes normalized by surface heat flux with the breakdown of

heat flux of the EDCG scheme into ED and CG contributions.
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M5 a
u
(w

u
2w)’ a

u
w

u
, (5)

where au is a small, fixed updraft fractional area that

contains the strongest upward vertical velocities. The

updraft velocity wu is computed using (Soares et al.

2004)

›w2
u

›z
52b

1
«w2

u 1b
2
B , (6)

with the buoyancy B5 g(uy,u 2 uy)/uy as a source term

(where uy is the virtual potential temperature and g is the

gravity). In Eq. (6), « is the lateral entrainment rate, de-

scribed below. The optimal values of the coefficients, b1
and b2, will be discussed later. Recently, de Roode et al.

(2012) found that the dominant sink term in the updraft

velocity budget is not the entrainment rate for updraft

velocity, but the pressure gradient term. However, they

show that the pressure gradient term can be related to the

entrainment rate for thermodynamic quantities [i.e., the

first term on the right-hand side of Eq. (6)] or the buoy-

ancy term. This aspect warrants further study.

The updraft properties are obtained using a simple

entraining plume model:

›f
u

›z
52«(f

u
2f) . (7)

According to the LES results (Siebesma et al. 2007), the

entrainment rate, related to the lateral mixing of the

updraft with the environment, is given by

«5 c
«

�
1

z1Dz
1

1

(h2 z)1Dz

�
, (8)

where Dz represents the vertical grid size and c« is an

empirical coefficient. The addition of Dz helps to avoid

divergence when z approaches zero or h is close to a

model level. Other entrainment rate formulations have

been suggested in the literature (e.g., Neggers et al. 2002,

2009; Rio and Hourdin 2008; Köhler et al. 2011; Witek

et al. 2011). Witek et al. (2011) compared different

« parameterizations for various dry convection scenarios

and showed that they largely agree with each other and

lead to similar results.

Following Siebesma et al. (2007), the buoyancy at the

lowest level is given by

u
y,u
(z

1
)2 u

y
(z

1
)5a

Q
s

s
w
(z

1
)
, (9)

where Qs is the surface sensible heat flux and the co-

efficient a 5 1.0. The standard deviation of the vertical

turbulent velocity at the lowest model level, sw(z1), is

given by

s
w
5 1:3

�
u3

*1 0:6w3

*
z
1

h

�1/3�
12

z
1

h

�1/2

, (10)

where u* and w* are the friction velocity and the CBL

velocity scale, respectively. Above the lowest model

level, uy,u is obtained using Eq. (7).

Determination of the PBL height is of crucial impor-

tance for the PBL growth in the EDCG scheme because

it imposes the vertical extent of the diffusivity profile in

Eq. (3). Following Troen andMahrt (1986), h is given by

h5Rb
cr

u
ya
jU(h)j2

g[u
y
(h)2 u

s
]
. (11)

Here, Rbcr is the critical bulk Richardson number

(currently, Rbcr 5 0.25), U(h) is the horizontal wind

speed at z5 h, uya is the virtual potential temperature at

the lowest model level, uy(h) is the virtual potential

temperature at z 5 h, and us is the temperature scale

near the surface defined as

u
s
5 u

ya
1 u

T
. (12)

In Eq. (12), uT is a thermal excess proportional to the

surface sensible heat flux and plays an important role in

the PBL growth. Note that in the EDCG model h rep-

resents the height of zero heat flux, that is, (w0u0)z5h 5 0,

and, thus, h is located above theminimum heat flux. As a

consequence, the entrainment fluxes just below h are

implicitly determined to be proportional to h. As men-

tioned above, these negative entrainment fluxes are

largely reduced by the positive CG term, resulting in an

undergrowth of the PBL.

In the EDMF scheme, two different PBL heights are

used. The h in Eq. (3) is determined from Eq. (11) but

without the thermal excess in Eq. (12). For the MF part

in Eq. (4), h is defined as the height of wu 5 0 from Eq.

(6), so that the updraft overshoots into the upper stable

layer and produces negative entrainment fluxes in the

upper PBL. For diagnostic purposes, h is defined as Eq.

(11) but without the thermal excess in Eq. (12).

A mass-flux mixing for momentum is also included but

with the effect of the updraft-induced pressure gradient

force (Han and Pan 2006), which weakens the momen-

tum exchange due to the vertical mass flux. This is similar

to the nonlocal momentum mixing suggested by Frech

and Mahrt (1995), Brown and Grant (1997), and Noh

et al. (2003) in that the nonlocal mixing for momentum is

much weaker than that for heat and moisture. It is also

consistent with the fact that in the CBL, the turbulent

eddy diffusivity for momentum is much smaller than that

for heat and moisture. Following Han and Pan’s study,

the updraft property for momentum is written as
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›V
u

›z
52«(V

u
2V)1 d

1

›V

›z
, (13)

where V is the horizontal wind vector and d1 an em-

pirical constant representing the effect of the updraft-

induced pressure gradient force, given as d1 5 0.55

from the Zhang and Wu (2003) cloud-resolving model

results. Since the constant d1 is derived from cumulus

convection, a detailed study using LES for the effect of

the updraft-induced pressure gradient force in the CBL

would be worthwhile.

The tunable coefficients of this implementation, au, b1,

b2, and c«, are somewhat sensitive to the vertical grid

resolution. The optimal coefficient values used for the

SCM, for which the vertical grid size is 50m, are au5 0.1,

b1 5 1.8, b2 5 4.0, and c« 5 0.37. These values are

comparable to those used in Soares et al. (2004) and

Siebesma et al. (2007). In Soares et al. (2004), for ex-

ample, au5 0.1, b15 2.0, b25 4.0, and c«5 0.5, whereas

in Siebesma et al. (2007), au 5 0.12, b1 5 1.43, b2 5 2.86,

and c« 5 0.4. Figure 2a displays the GFS-SCM result

using the EDMF scheme and shows that the EDMF

scheme predicts the CBL growth well compared to the

LES. As shown in Fig. 2b, the better CBL growth in the

EDMF scheme compared to the EDCG scheme

(Fig. 1b) is mainly due to a larger entrainment flux in-

duced by the mass-flux term. However, when we use the

operational GFS vertical grid spacing, which is ;200m

at about 1-km level above the surface, the CBL growth

with the EDMF scheme tends to be overpredicted, as

seen in Fig. 3. Therefore, the coefficients were optimized

again for better CBL growth at the operational GFS

resolution as au 5 0.08, b1 5 1.8, b2 5 3.5, and c« 5 0.38

(Fig. 3). Although not shown, one of the reasons for the

sensitivity to the vertical resolution is the dependency of

the entrainment rate [Eq. (8)] on the vertical grid size

(Dz). Thus, entrainment parameterizations that are not

directly related to the vertical grid size (e.g., Köhler
et al. 2011; Witek et al. 2011) will be investigated in fu-

ture studies.

To investigate the impact of the new EDMF PBL

scheme, medium-range forecasts have been conducted

FIG. 2. As in Fig. 1, but for SCM results with the EDMF scheme.

FIG. 3. Vertical profiles of potential temperature from the SCM

results with the current operational GFS vertical resolution com-

pared with LES results after an 8-h simulation. The green line

(EDMF1) represents the EDMF scheme result with the same

tunable parameters as those used in high-resolution SCM tests (i.e.,

a1 5 0.1, b1 5 1.8, b2 5 4.0, and ce 5 0.37), the blue line (EDMF2)

shows the EDMF scheme result with parameters optimized for the

operational GFS vertical resolution (i.e., a1 5 0.08, b1 5 1.8, b2 5
3.5, and ce5 0.38), and the red line shows theEDCG scheme result.
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with initial conditions from the operationalGFS analysis

data. Initial tests indicated that the EDMF scheme im-

proved the forecast skill in the 500-mb height anomaly

correlation over the midlatitudes and in precipitation

(especially light rain) over the continental United

States. However, it degraded the tropical wind vector

forecast and also increased low cloud amounts too much

over the tropics, as shown in Fig. 4. In order not to de-

grade the forecast skill over the tropics, a hybrid EDMF

scheme is developed, where the EDMF scheme is ap-

plied only for the strongly unstable PBL (i.e., CBL)

while the EDCG scheme is retained for the weakly un-

stable PBL. Note that unlike for strongly unstable con-

ditions, the EDCG scheme does not underestimate the

PBL growth for weakly unstable conditions (Noh et al.

2003). A detailed investigation on why using this version

of EDMF for weakly unstable conditions may slightly

degrade forecast skill in the GFS will be performed in a

future study. The z/L [L is the Monin–Obukhov length,

defined as L52u3

*uya/kg(w
0u0y)s, where (w0u0y)s is the

surface buoyancy flux] is used as the stability criterion

for the PBL [currently, strongly unstable (convective)

PBL for z/L , 20.5 and weakly and moderately un-

stable PBL for 0. z/L.20.5 (Sorbjan 1989)]. Since the

tropics are comprised mainly of oceans where a strongly

unstable PBL is rarely found, the EDCG scheme would

mostly be used over the tropics in the hybrid scheme.

As a result, the hybrid scheme not only significantly

reduces the tropical wind vector RMSE but also pro-

hibits too much of an increase of low clouds over the

tropics, as shown in Fig. 5.

b. Dissipative heating parameterization

Viscous dissipation of TKE can be a significant source

of heat especially in strong wind conditions such as

hurricanes, but its effect is not taken into account in the

current operational GFS. On the other hand, excluding

the dissipative heating can cause a significant energy

imbalance in an atmospheric model (Fiedler 2000).

FIG. 4. Mean differences between EDMF scheme and control

forecasts of (a) wind vector RMSE over the tropics (308S–308N)

and (b) low cloud fraction. The forecast period for the mean dif-

ference calculation is from 7 Jul to 31 Oct 2012, and the low cloud

fraction is the average of 102, 108, 114, and 120 forecast hours.

FIG. 5. As in Fig. 4, but for the hybrid EDMF scheme.
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The TKE dissipative heating can be expressed as (Jin

et al. 2007)

c
p

›T

›t

����
diss

’D , (14)

where T is the temperature, t is the time, and D is the

dissipation rate of TKE and can be estimated from the

TKE budget equation. Assuming that buoyancy and

shear production of TKE are balanced by TKE dissi-

pation, the TKE budget equation can be simplified as

D’
g

u
y

w0u0y 2 u0w0 ›u
›z

, (15)

where u and w represent the horizontal and vertical

velocities, respectively, and the primes indicate turbu-

lent fluctuations while the overbars represent a spatial

average. Using the surface layer similarity theory, the

mean TKE dissipation over the depth of the surface

layer z1 can be written as

D’
g

u
y

(w0u0y)s 1
u2

*u1

z
1

. (16)

Above the surface layer, using a downgradient turbulent

transport assumption with eddy diffusivity, the mean

TKE dissipation can be written as

D’2
g

u
y

K
›u

y

›z
1PrK

�
›u

›z

�2

. (17)

The TKE dissipation is dominant generally in the sur-

face layer because of the strong shear production of

TKE. Although not shown, the mean temperature in-

crease in the surface layer due to dissipative heating is

typically less than 0.5K, except for strong wind cases

such as hurricanes.

Figure 6 displays the impact of TKE dissipative

heating on a hurricane forecast. It shows that the hur-

ricane intensity (e.g., maximum 10-mwind speed) can be

significantly increased in the GFS forecast with TKE

dissipative heating, consistent with the studies such as

those of Zhang and Altshuler (1999) and Jin et al.

(2007). Note that the hurricane intensity in the GFS is

generally much weaker than the observations, which is

mainly due to coarse resolution andmissing physics such

as the TKE dissipative heating in the present study. On

the other hand, the energy balance test results with TKE

dissipative heating (Table 1) show that a large atmo-

spheric energy loss (about 4–5Wm22) found in the GFS

atmosphere–ocean coupled run can be largely reduced

with the inclusion of TKE dissipative heating, leading to

an improved global energy balance.

c. Modification in the SBL vertical mixing scheme

Before July 2010, a K-profile method [e.g., Eq. (3)]

was used in the GFS for the vertical turbulent mixing in

the stable boundary layer, and was reported to show too

strong turbulent mixing and consequently a too deep

SBL (Cuxart et al. 2006). In the July 2010 upgrade (Han

and Pan 2011), therefore, a local scheme is adopted for

FIG. 6. Time evolution of (a) min central mean sea level pressure and (b) max 10-m wind speed with (dashed line)

and without (solid line) TKE dissipative heating for Hurricane Ike (2008). The observed intensities from the best-

track data are displayed as light solid lines.
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the SBL to reduce vertical turbulent mixing, which is

given as

K5 l2f (Ri)

���� ›u›z
���� , (18)

where l is the mixing length and f(Ri) is the stability

function, where Ri is the local gradient Richardson

number. However, Hong (2010) reports that the local

scheme, Eq. (18), tends to present cold and moist biases

in the lower troposphere during the nighttime because

of too weak vertical turbulent mixing. An internal

briefing at NCEP also indicates a cold bias near the

surface especially in weakly stable conditions, which is

attributed to the local scheme [Eq. (18)]. Therefore, we

modify the scheme so that the local scheme [i.e., Eq.

(18)] is used for the strongly stable condition where

turbulence is often sporadic, but the K-profile method

[i.e., Eq. (3)] is adopted for the weakly and moderately

stable conditions where turbulence is continuous. The

z/L is again used as the stability criterion [currently,

strongly stable for z/L. 0.2 and weakly and moderately

stable for 0 , z/L , 0.2 (Sorbjan 1989)].

On the other hand, the K-profile method requires the

determination of PBL height, which is given by Eq. (11).

For the SBL, us in Eq. (12) is the surface potential

temperature without the thermal excess. From the

analysis of three field program datasets, Vickers and

Mahrt (2004) find that for the SBL the use of Rbcr
varying with the surface Rossby number in Eq. (11)

gives the best estimation of the SBL height. We adopt

Vickers and Mahrt’s Rossby number–dependent critical

bulk Richardson number, which is written as

Rb
cr
5 0:16(1027R

0
)20:18 , (19)

whereR0 is the surface Rossby number, which is given as

R
0
5

U
10

f
0
z
0

, (20)

where U10 is the wind speed at 10m above the ground

surface, f0 is the Coriolis parameter, and z0 is the surface

roughness length. To avoid too much variation, we re-

strict Rbcr to vary within the range of ;0.15–0.35. As

expected (not shown), the modified scheme for the SBL

significantly reduces the cold bias near the surface by

virtue of the enhanced vertical turbulent mixing. Hong

(2010) also adopted Vickers and Mahrt’s Rossby

number–dependent critical bulk Richardson number,

which gave a better simulation of the East Asian sum-

mer monsoon.

3. Medium-range forecast results

To assess the impacts of the new scheme (i.e., the

hybrid EDMF PBL scheme with TKE dissipative heat-

ing and modification in the SBL) on forecast skill, 7-day

forecasts for the period from 1 July to 31 October 2012

were conducted. The initial forecast time was at

0000 UTC for each day. The GFS used in this test has 64

vertical sigma-pressure hybrid layers and T574 (about

35 km) horizontal resolution. Since the forecasts were

performed with no data assimilation, the analysis data

from the operational GFS were used as the initial con-

ditions. Although tests with data assimilation would be

desirable, they not only cost toomuch in computing time

but the study of Park and Hong (2013) seems to indicate

that initial conditions are not always essential when

evaluating the impact of model physics changes.

A comparison of anomaly correlations for the 500-hPa

height, which illustrates how well synoptic-scale systems

are represented around the globe, is shown in Fig. 7 as a

function of forecast length. In both the Northern (208–
808N) and Southern (208–808S) Hemispheres, the new

scheme displays better anomaly correlations than does

the control forecast. Although the improvement is

somewhat small, it is still significant.

Comparisons of equitable threat and bias scores

(Gandin andMurphy 1992) for the 12–36-h precipitation

forecasts over the continental United States are shown

in Fig. 8. Compared to the control forecasts, the equi-

table threat score (Fig. 8a) is slightly better for light rain

but slightly worse for heavy rain. For the bias (Fig. 8b),

the new scheme is wetter than the control for heavy rain.

However, the forecast skill differences for both equita-

ble threat and bias scores are not significant. Although

not shown, the forecast skill differences for the 36–60-

and 60–84-h precipitation forecasts were very similar to

those in the 12–36-h precipitation forecasts.

The performance of the new scheme for hurricane

forecasts is shown in Fig. 9 in terms of hurricane track

and intensity errors, and shows a mixed signal. Com-

pared to the control track forecast (Figs. 9a,b), the new

scheme shows a smaller error at 120 forecast hours for

2012 Atlantic hurricanes, but it displays a larger error at

TABLE 1. Energy balance test results from the GFS atmosphere–

ocean coupled (1 yr) run with (EXP) and without (CTL) TKE

dissipative heating. TOA represents the mean energy budget at the

top of the atmosphere, SFC is the mean energy budget at the sur-

face, and difference is the mean energy budget at the TOA minus

the SFC [indicating mean energy loss (positive) or gain (negative)

in the model atmosphere].

TOA (Wm22) SFC (Wm22) Difference (Wm22)

CTL 9.9 5.3 4.6

EXP 1.5 0.8 0.7
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72 and 96 forecast hours for 2012 eastern Pacific hurri-

canes. For the intensity forecast (Figs. 9c,d), the new

scheme shows a smaller error than the control for 2012

eastern Pacific hurricanes for most forecast times, but

for 2012 Atlantic hurricanes it displays a slightly larger

error than the control, especially at forecast times of less

than 24h. In general, the error differences between the

new scheme and the control are quite small for both

hurricane track and intensity forecasts.

4. Summary and conclusions

The current operational eddy-diffusivity counter-

gradient (EDCG) planetary boundary layer (PBL)

scheme in the NCEP GFS underestimates PBL growth

in the convective boundary layer (CBL) because of a

positive countergradient (CG) mixing term in the en-

trainment zone. To improve the PBL growth in the

CBL, an eddy-diffusivity mass-flux (EDMF) PBL

scheme is developed for the GFS, where the constant

CGmixing term is replaced by amass-flux (MF) scheme.

For the vertical momentum mixing, the MF scheme is

further modified to include the effect of the updraft-

induced pressure gradient force, which weakens the

vertical momentum exchange.

The EDMF scheme predicts the CBL growth well

compared to large-eddy simulation results. Over the

tropics, however, the EDMF scheme tends to over-

produce the amounts of low clouds and degrades the

wind vector forecasts. Note that the tropics are mostly

composed of oceans where a strongly unstable PBL is

rarely found. In order not to degrade the forecast skill in

the tropics a hybrid scheme is developed, where the

FIG. 8. Mean (a) equitable threat score and (b) bias score for 12–

36-h precipitation forecasts over the continental United States for

the control forecasts (solid line) and forecasts with the new scheme

(dashed line) from 7 Jul to 31 Oct 2012.
FIG. 7. Mean difference in anomaly correlations of 500-hPa

height for the forecasts with the new scheme with respect to the

control forecasts in the (a) Northern Hemisphere (208–808N) and

(b) SouthernHemisphere (208–808S) from 7 Jul to 31Oct 2012. The

differences outside the rectangle bars are statistically significant at

the 95% confidence level.

FEBRUARY 2016 NCEP NOTE S 349



EDMF scheme is applied only for the strongly unstable

PBL (i.e., CBL), while the EDCG scheme is used for the

weakly unstable PBL. As a result, the EDCG scheme is

mostly called over the tropics in the hybrid scheme.

To improve a significant energy imbalance in the

coupled GFS, the heating by turbulent kinetic energy

(TKE) dissipation, which is a missing physics term in the

GFS model, is parameterized and included in the hybrid

EDMF PBL scheme. With the inclusion of TKE dissi-

pative heating, a large atmospheric energy loss in the

GFS atmosphere–ocean coupled run is largely reduced

and the hurricane intensity is significantly increased in

the GFS forecast. To enhance the vertical turbulent

mixing that is too weak in the case of a stable boundary

layer (SBL), the current local scheme is modified to use

an ED profile method for weakly and moderately stable

conditions with varying critical bulk Richardson num-

bers for determining the PBL height.

Medium-range forecasts have been conducted to as-

sess the impacts on forecast skill of the new hybrid

EDMF PBL scheme with the TKE dissipative heating

and the modifications in the SBL mixing scheme. The

new scheme presents a significant improvement for the

500-hPa height anomaly correlations, which is one of the

most important forecast skill measurements since it il-

lustrates how well synoptic-scale systems are repre-

sented around the globe. For precipitation forecasts

over the continental United States and hurricane fore-

casts, the new scheme shows a neutral skill. The hybrid

EDMF PBL scheme with TKE dissipative heating and

modification in the SBL was operationally implemented

in the January 2015 NCEP GFS upgrade as tests with

this scheme showed a positive impact on the GFS

medium-range forecasts.

This study is a first step toward including an EDMF

parameterization of the PBL in the GFS. For further

improvement of the EDMF parameterization, we are

currently developing an EDMF scheme based on a TKE

closure model that requires a prognostic equation for

TKE. With the memory of turbulence retained, the

TKE-based EDMF scheme may better handle vertical

turbulent mixing, especially for a PBL with weak tur-

bulence, which in turn, may help to improve model

performance for weakly unstable conditions over the

tropical ocean. A unified EDMF model of PBL and

shallow convection is also under development.

FIG. 9. As in Fig. 8, but for mean hurricane (a),(b) track and (c),(d) intensity errors for the (left) Atlantic and (right)

eastern Pacific Ocean regions.
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