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Abstract Turbulent drag caused by subgrid orographic
form drag has significant effects on the atmosphere. It
is represented through parameterization in large-scale
numerical prediction models. An indirect parameterization
scheme, the Turbulent Mountain Stress scheme (TMS),
is currently used in the National Center for Atmospheric
Research Community Earth System Model v1.0.4. In
this study we test a direct scheme referred to as BBW04
(Beljaars et al. in Q J R Meteorol Soc 130:1327-1347,
2004. doi:10.1256/qj.03.73), which has been used in sev-
eral short-term weather forecast models and earth system
models. Results indicate that both the indirect and direct
schemes increase surface wind stress and improve the mod-
el’s performance in simulating low-level wind speed over
complex orography compared to the simulation without
subgrid orographic effect. It is shown that the TMS scheme
produces a more intense wind speed adjustment, leading
to lower wind speed near the surface. The low-level wind
speed by the BBW04 scheme agrees better with the ERA-
Interim reanalysis and is more sensitive to complex orogra-
phy as a direct method. Further, the TMS scheme increases
the 2-m temperature and planetary boundary layer height
over large areas of tropical and subtropical Northern Hemi-
sphere land.
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1 Introduction

The earth’s orography affects the atmosphere both dynami-
cally and thermodynamically, and contributes significantly
to the global pattern of the atmospheric circulation and
climate systems. Airflow can be influenced by the undula-
tion, gradient, exposure, anisotropy, and horizontal scale of
orography. Orography can be divided into large-scale and
subgrid-scale in a global climate model (GCM). Large-
scale orography (e.g. the Tibetan Plateau and the Rocky
Mountains) affects the atmosphere through forced uplift,
mountain waves, blocking, and diffluence. Subgrid-scale
orography can induce surface drag due to inhomogeneity
in topographic features. Drag can be related to (1) gravity
waves produced by over-the-mountain flow, (2) blocking
and splitting of the low-level flow, and (3) turbulent drag
caused by form drag exerted by subgrid obstacles. This
study mainly focuses on turbulent orographic form drag
from subgrid-scale orography.

Research on turbulent orographic form drag began
when Jackson and Hunt (1975) developed a linear theory
of over-the-mountain turbulence under neutral stratifica-
tion. They related changes in wind speed and stress to the
size and shape of hills and the roughness of the surfaces
involved. Sykes (1980) and Hunt et al. (1988) used asymp-
totic analyses to explore the mechanism of the turbulent
orographic form drag and described the linear changes
of turbulent boundary layer flow over a low hill. Belcher
et al. (1993) improved upon the earlier work of Hunt et al.
(1988) and suggested that, under neutral stratification,
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turbulent orographic form drag is generated by what they
called “non-separated sheltering effect”. Wood and Mason
(1993) used numerical methods and discussed turbulent
drag over small-scale hills under neutral conditions. Later,
using analytical and numerical models Belcher and Wood
(1996) suggested that the turbulent drag over low hills
could be quite significant (even more than surface friction)
in weakly stable or neutral flow, but it will be reduced as
the stratification becomes more stable. Brown and Wood
(2003) assessed the ability of effective roughness length
parameterization in numerical models to represent the
effects of the subgrid hills in stable conditions while Allen
and Brown (2006) discussed it in convective conditions.
While numerical models can resolve large-scale oro-
graphic effects, with limited model resolution, they can
only represent subgrid-scale orography through param-
eterization. For subgrid turbulent orographic form drag, the
parameterization can be categorized into indirect and direct
methods. The effective roughness length scheme, an indi-
rect method, is widely used to represent subgrid turbulent
orographic form drag (e.g. Wood and Mason 1993; Brown
and Wood 2003; Allen and Brown 2006; Richter et al.
2010). Fiedler and Panofsky (1972) defined the effective
roughness length as the roughness length for heterogene-
ous terrain that would yield the same surface wind stress
as the roughness length for homogenous terrain. The effec-
tive roughness length method assumes that the undulation
of orography increases surface roughness. The roughness
length increases beyond its original vegetative value, so
that the total surface drag (including the original turbulent
friction and the subgrid turbulent drag) is represented as

Fior = Fp + Fi, (1)

where F), and F; are the turbulent drag and friction stress,
respectively. The concept of an indirect method signifies
that this turbulent drag is felt by the model through chang-
ing the surface turbulent momentum flux in the boundary
layer.

Wood et al. (2001, hereafter referred to as WBHO1)
first proposed a direct parameterization scheme, which
considered the subgrid turbulent orographic form drag as
a dynamic forcing term in the equation of atmospheric
motion instead of an increase of roughness length. They
suggested that WBHOI scheme is at least as good as the
effective roughness length scheme in neutral condition.
Rontu (2006) simplified the WBHO1 scheme and used it in
the high-resolution limited area model (HIRLAM). How-
ever, WBHO1 only considered a simple case of flow over
an infinite series of sinusoidal ridges, and did not address
the issue of multiple scales of complex real orography for
large-scale models (Beljaars et al. 2004). Beljaars et al.
(2004) proposed a new scheme (referred to as BBWO04
hereafter), which was based on the formulation of Wood
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and Mason (1993), using the vertical attenuation from
WBHOL1 and the parameterized orographic spectrum. It too
considers form drag as a term in the equation of atmos-
pheric motion. Furthermore, It suggested using subgrid
scales above 5000 m for gravity wave and low-level block-
ing parameterizations and considering orography scales
smaller than 5000 m for turbulent form drag.

The effective roughness scheme has been used in several
numerical weather prediction models (e.g. Wilson 2002;
Webster et al. 2003) and climate models (e.g. Community
Earth System Model, CESM1.0.4), and has significantly
improved the model performance (e.g. Milton and Wil-
son 1996; Lindvall et al. 2013). The BBW04 scheme was
tested and used in the European Centre for Medium range
Weather Forecasting (ECMWF) numerical weather predic-
tion (NWP) model (Beljaars et al. 2004) and Earth System
model EC-EARTH’s atmospheric model IFS (IFS DOCU-
MENTATION-cy41rl 2015), and the Chinese Global and
Regional Assimilation and PrEdiction System (Xue et al.
2011) for weather prediction. According to the work by
Wood et al. (2001) and Beljaars et al. (2004), the direct
scheme BBWO04 has several advantages in the ECMWEF
model compared with the effective roughness scheme.
First, the essential difference between the two schemes
is that subgrid form drag is incorporated directly into the
momentum equation in BBWO04, instead of being treated
as an increase of surface roughness length. Form drag is
considered as a dynamic effect, about which the BBW04
scheme is more explicit and theoretically consistent than
the effective roughness length scheme. It is no longer
necessary to consider the compensation of the roughness
lengths of heat and moisture. Second, the scales of orog-
raphy are taken into account in ECMWE,which makes the
distinction of subgrid parameterizations more specific.
Also, only the effects due to horizontal scales smaller than
5000 m are considered as turbulent form drag, and the
rest are considered for gravity wave and low-level block-
ing in their model. Third, the direct scheme BBWO04 is less
affected by stability while the effective roughness length
scheme can interact very strongly with boundary-layer
stability.

In this study, we test the BBWO04 scheme in NCAR’s
climate model CESM1.0.4 to determine its feasibility and
performance for global climate models. Section 2 describes
the model setup and data used for evaluation. Section 3 pre-
sents the results, and Sect. 4 summarizes the paper.

2 Model, form drag parameterization and data
This study uses the NCAR’s Community Earth System

Model (Hurrell et al. 2013) version 1.0.4. It consists of five
component models, the Community Atmosphere Model
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version 5 (CAMS5; Neale et al. 2010), the Community
Land model version 4 (CLM4; Lawrence et al. 2011), the
Los Alamos National Laboratory (LANL) Community Ice
Code (CICE4; Hunke and Lipscomb 2008), the Parallel
Ocean Program version 2 (POP2; Smith et al. 2010) and a
coupler CPL7 (Gent et al. 2011). The CAMS uses a hori-
zontal resolution 0.9° x 1.25° (latitude x longitude) and
30 vertical levels, with finite-volume dynamic core and
a time step of 1800 s. Note that, different from the work
in Wood et al. (2001) and Beljaars et al. (2004) in the
ECMWEF model, gravity wave drag in CAMS acts upon all
subgrid scales. Also, low-level blocking parameterization
is not included in current CAMS5. CLM4 has the same hor-
izontal resolution as CAMS. The ocean and sea-ice mod-
ules use climatological sea surface temperature and sea ice
data.

2.1 Parameterization schemes
2.1.1 An indirect parameterization scheme—TMS scheme

In the CESM1.0.4 model, the turbulent drag from subgrid-
scale orography is represented by the Turbulent Mountain
Stress (TMS) scheme using effective roughness length
within the model physics package (Neale et al. 2010). In
the original TMS scheme, the roughness length 3™ (super-
script SSO denotes subgrid-scale orography) is calculated
using the standard deviation o of subgrid-scale terrain

height
zp° = 0.0750. )

The additional wind stress due to TMS is calculated as:

f(R)K?

T= pWWlnz(Zﬂé‘”)’ 3)

Z‘.:Y)J()

where p is air density, V is the horizontal wind vector of
the lowest model layer, « is von Karman’s constant, z is
the height above the surface, and f(R;) is a function of
the Richardson number: f(R;) =1 if R; <0; f(R;)) =0
if R > I; and f(R;) =1 —R;if 0 < R; < 1 (Richter et al.
2010).

The wind stress calculated by Eq. (3) is added to the
model’s planetary boundary layer (PBL) scheme to evaluate
the vertical transport. It is employed only in grid cells where
the topography is above the sea level (Neale et al. 2010).

In CAMS the TMS scheme is used to correct the total
surface drag coefficient k;,; when calculating the surface
momentum flux, rather than providing the drag stress
enhancement caused by subgrid orography. k;,; is computed
by summing the normal drag coefficient k,,, and the turbu-
lent mountain stress drag coefficient &y, which is obtained
from the TMS scheme,
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The adjusted total surface drag coefficient ky, is then
used to calculate the momentum flux in the lowest model
layer, and influences the wind profiles in the upper layers
through the vertical diffusion process. Meanwhile, as the
transfer of heat and moisture between the lowest model
level and the surface is hardly affected by subgrid orogra-
phy effects (Beljaars et al. 2004), heat and moisture fluxes
are not adjusted by TMS scheme.

2.1.2 A direct parameterization scheme—BBWO04 scheme

In the direct parameterization scheme, BBWO04 considers
the subgrid turbulent orographic form drag as a forcing
term in the equation of atmospheric motion

V() (2
a  \at ), o ), ©)

where (%)d = —%Vp —22 xV+g+F is from the
atmospheric dynamics, and (%)p = —%%—Z is from param-
eterized physics. T = ), 7; is the sum of the momentum
fluxes from different physical processes, including subgrid-
scale orographic effect. Here, the parameterization of tur-
bulent orographic form drag is %%

The BBW04 parameterization scheme is expressed as

follows:

1 0t
p 0z

= @BCondCoorr |V (2)|V (2)2.109¢ /100" g =12
(7

where o = 12 is a shear-dependent parameter, § = 1 is
the shape factor, C,,y = 0.005 and C.y = 0.6 are the
drag and correction coefficients, V(z) is the horizontal
wind vector, z is the model level height, a, = ajk}' ™™,

-1
ar =g, (IHk;;) . In = 0.00102m ™, kg, = 0.00035m ™",

ny = —1.9, n; = —2.8, and oy is the filtered terrain height
standard deviation of subgrid orography. It is incorporated
and solved in the model’s dynamic steps since it adds the
effects of subgrid turbulent drag into the momentum equa-
tion. The calculated wind velocity is used directly in the
next physics step.

2.2 Data

The input data needed for the model simulation is from
the NCAR CESM input files for the CESM1.0.4 model.
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Fig. 1 Two sets of terrain
height standard deviation data
of subgrid-scale orography at
0.9° x 1.25° (latitude x longi-
tude) resolution: a the USGS
topographic data; b the filtered
terrain height standard deviation
data
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Note that the TMS and the BBWO04 scheme both require
standard deviation data of subgrid orography terrain height
with the same resolution as the model. TMS uses US Geo-
logical Survey (USGS) topographic data, while BBW04

100
50
0
90s +——""—"F"—"—T"——T—T T T 7T T T T
0 30E  60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0
Table 1 Specification of three sets of experiments
SubOro_NO SubOro_OLD SubOro_NEW
TMS X v X
BBWO04 X X 4

uses filtered terrain height standard deviation data. Fol-
lowing Beljaars et al. (2004), we apply a band-pass filter
to the global 30” terrain height field twice, and the stand-
ard deviation of the terrain height is then computed from
the filtered field. First, terrain heights with horizontal
scales <2 km or greater than 20 km are filtered. Second,
the standard deviation of the filtered terrain height within
each 5 km x 5 km box is computed because BBW04 only
acts on scales below 5000 m. Figure 1 shows the standard
deviation of subgrid orography terrain height for both unfil-
tered and filtered data. The filtered terrain height standard
deviation data have smaller values and are smoother than
the original data. For instance, with a horizontal resolution
of 0.9° x 1.25°, the filtered terrain height standard devia-
tion is on average 1.17 % smaller (12.28 m) than that of the
USGS data.

The model simulations are evaluated against global
reanalysis and observation datasets. The ERA-Interim
reanalysis gridded data from 1979 to 2014 (Berrisford
et al. 2011) with 1° horizontal resolution and 37 vertical
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v/ Scheme was activated; x scheme was not activated

levels produced by the ECMWF is used for comparing
with model simulations. It is noted that the model used
to produce ERA-Interim also used BBWO04, which may
lead to similar results when comparing low-level wind
speed between ERA-Interim and the CAMS experiment
with BBW04 implemented. Therefore, two more reanaly-
sis datasets are used to evaluate low-level wind speed: the
NCEP Global Reanalysis 2 (NCEP-2) covering the years
1979-2014 with T62 resolution and the 25-yr Japanese
Reanalysis (JRA25) covering the years 1979-2004 with a
spectral resolution of T106. Two datasets for near-surface
temperature and precipitation are included in this study:
the Willmott and Matsuura dataset version 3.02 for 1950—
1999 (Willmott and Robeson 1995) and the Xie-Arkin CPC
Merged Analysis of Precipitation (CMAP) dataset with T42
resolution for 1979-1998 (Xie and Arkin 1997).
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Fig. 2 Global annual-mean
total surface wind stress over
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2.3 Experiments

Three sets of experiments (Table 1) were performed: Sub-
Oro_NO with no parameterization of subgrid-scale turbu-
lent orographic form drag, SubOro_OLD with the TMS
scheme used, and SubOro_NEW with the BBW04 scheme
used in the model. All three runs were carried out for
20 years and the first 5 years were discarded to avoid any

90E

120E 150E 180 150W 120W 90W 60W  30W

spin-up. The analyses in Sect. 3 are based on the average
from the last 15 years of the simulations.

3 Results and analysis

The annual mean of scalar magnitudes of wind stress
from the run without subgrid orographic terrain effect
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Fig. 3 Global annual-mean 10-m total wind speed over land (¢ > 0) for a ERA-Interim reanalysis; b the run without subgrid orographic terrain
effect (SubOro_NO); and the run using ¢ indirect (SubOro_OLD) or d direct scheme (SubOro_NEW)

Table 2 Global averaged

; - ERA-interim NCEP2 JAR25 SubOro_NO SubOro_OLD SubOro_NEW
(weighted) 10-m wind speed of
E%A;ntefimﬁCEPl JA1}25d Land 4.80 3.54 2.10 5.3 3.93 4.93
and three modet runs over an Ocean 751 535 412 7.97 7.93 7.97

and ocean areas (ms~")

(SubOro_NO) and the runs using indirect (SubOro_OLD)
and direct (SubOro_NEW) schemes are shown in Fig. 2.
Note that in SubOro_NEW the total surface wind stress has
two components, one from grid-scale surface roughness,
which is directly output from the model simulation, and one
from subgrid orography. The latter is obtained by integrating
Eq. (7) from the surface upward to the highest model level.
The wind stress differences over oceans are small. Thus, the
wind stresses are only shown in regions where o > 0. The
smallest wind stress is simulated in SubOro_NO. The wind
stresses over complex terrains (e.g. over the Tibetan Plateau
and the Rocky Mountains) are enhanced in SubOro_OLD
and SubOro_NEW, both of which implemented the subgrid
drag effects, but with different magnitude. SubOro_OLD
simulates stronger surface drag than SubOro_NEW.

Figure 3 shows the global annual-mean 10-m total
wind speed of ERA-Interim Reanalysis (1979-2014) and
the three model runs respectively. The root mean squared
error (RMSE) and the pattern correlation coefficients (corr)
between model runs and ERA-Interim are also presented
above each plot. The 10-m wind speed is greatest in the
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case of SubOro_NO. Both indirect and direct schemes
reduce low-level wind speed effectively in areas where
complex orography exists and wind speed is relatively
high. SubOro_OLD simulates the lowest wind speed. Sub-
Oro_NEW, with the lowest RMSE and highest pattern cor-
relation, shows the best agreement with ERA-Interim. The
10-m wind speeds of three runs are also compared with
NCEP2 Reanalysis (1979-2014) and JRA25 Reanalysis
(1979-2004). The averaged 10-m wind speeds of mod-
els and reanalysis are given in Table 2. The average wind
speeds of three model runs are all closest to that of ERA-
interim over both land and ocean areas. The RMSEs and
correlation coefficients of models compared to three rea-
nalysis data are shown in Table 3. The highest correlations
and lowest RMSEs in each comparison are bolded in the
table. Both SubOro_NO and SubOro_NEW have better
correlation coefficients but worse RMSEs than SubOro_
OLD when compared with NCEP2 and JRA25.

Figure 4 is the same as Fig. 3, but zooms into differ-
ent regions to show regional scale features: Asia (0—60N°,
60—140E°), which has the most complex orography in the
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Table 3 Pattern correlation SubOro_NO SubOro_OLD SubOro_NEW
coefficients and RMSEs
of model 10-m wind speed CORR RMSE CORR RMSE CORR RMSE
compared with reanalysis
ERA-interim 0.89 1.15 0.89 1.23 0.95 0.78
NCEP2 0.76 2.35 0.67 1.90 0.75 2.16
JRA25 0.70 3.61 0.58 2.80 0.70 3.37

Bold values indicate highest correlations and lowest RMSEs in each set

(a) corr =0.7614 corr = 0.8963 corr =0.9357
ERA-Interim SubOro_NO . SubOro_OLD rmse = 0.9277 SubOro_NEW rmse = 0.6276

60N
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60E 90E 120E 60E 90E 120E 60E 90E 120E 60E 90E 120E

corr =0.8613 corr =0.9135

corr = 0.8295
rmse = 1.1841 SubOro_NEW rmse = 0.6557

SubOro_NO rmse = 1.0146

(b) ERA-Interim SubOro_OLD
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corr =0.7170 corr =0.6015 corr = 0.8424
SubOro_NO  rmse = 1.6790 rmse = 2.3704 SubOro_NEW  rmse = 1.2850
0

Fig. 4 As Fig. 3, but in a Asia (0—60N°, 60-140E°); b North America (15-75N°, 60—-140W°); ¢ South America (0-60S°, 30-80W°); d Antarc-
tica (60-90S°)
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Fig. 5 The differences of 2-m
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world due to the existence of the Tibetan Plateau (Fig. 4a);
North America (15-75N°, 60-140W°), covering Rocky
Mountains (Fig. 4b); South America (0-60S°, 30-80W°)
with Andes Mountains (Fig. 4c); and Antarctica (60-90S°)
(Fig. 4d). In all these regions, SubOro_NO simulates higher
wind speeds than the ERA-Interim and the other two model
runs. The effects of orography on wind speed are clearly
reflected in both SubOro_OLD and SubOro_NEW runs,
with the former having a stronger reduction of wind speed.
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However, SubOro_NO performs better in terms of RMSE
than SubOro_OLD in both the global view (Fig. 3) and in
three out of four regions. Generally, as in Fig. 3, SubOro_
NEW shows the best agreement with ERA-Interim.

Figure 5 shows the differences of global annual-mean
2-m temperature between the three model runs and Will-
mott and Matsuura surface air temperature (1950-1999).
Again, we focus on the areas where terrain height stand-
ard deviation o > 0. Over complex orography such as
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Fig. 6 Global annual-mean planetary boundary layer height (PBLH) over land (o > 0) for a ERA-interim reanalysis and b SubOro_NO; ¢ the
difference between SubOro_OLD and SubOro_NO; and d the difference between SubOro_NEW and SubOro_NO

Tibetan Plateau, Rocky Mountains and Andes Mountains,
both SubOro_NO and SubOro_NEW simulate a generally
lower 2-m temperature than Willmott and Matsuura. Lower
temperatures are also seen in the subtropical and tropical
regions of the Northern Hemisphere. SubOro_OLD shows
higher 2-m temperature over these areas, especially over
Tibetan Plateau.

Figure 6 shows the global planetary boundary layer
height (PBLH) of ERA-Interim, SubOro_NO over land
areas and the differences between SubOro_OLD/Sub-
Oro NEW and SubOro_NO. RMSEs and correlation
coefficients of three models compared with ERA-Interim
are also shown. SubOro_NO generally underestimate
the PBLH compared with ERA-Interim reanalysis. The
PBL in SubOro_OLD is deeper than in SubOro_NO by
200-400 m over the Northern Hemisphere in the subtropi-
cal and tropical regions by using indirect scheme, which
is in better agreement with ERA-Interim. SubOro_NEW,
however, has little change in PBLH compared with Sub-
Oro_NO, except showing an increased PBLH of 40-100 m
over the Tibetan Plateau. As mentioned before, the indi-
rect scheme TMS is used in the model’s planetary bound-
ary layer (PBL) scheme in SubOro_OLD, thus influences
the PBL vertical transport and affects the PBL height. It
enhances the vertical mixing and increases the PBLH
over areas with complex terrain features. Although the
BBWO04 scheme has significant effects on simulating the
low-level wind speed (Figs. 3, 4), its effect on boundary

layer vertical mixing is barely noticeable. The PBLH in
ERA-Interim is a model parameter that is derived in terms
of bulk Richardson number, which is modified to include
the influence of thermals (Troen and Mahrt 1986), while
CAMS defines the PBLH using discrete levels (Lind-
vall et al. 2013). As in Lindvall et al. (2013), the PBLH
simulated in CAMS is underestimated compared to ERA-
Interim over land and ocean.

Figure 7 shows the winter Northern Hemisphere 500
mb height differences between ERA-Interim and the three
model runs. In both SubOro_OLD and SubOro_NEW, the
negative geopotential height biases in SubOro_NO over
Korean Peninsula and Japan are eliminated. There are two
regions of positive biases over north Pacific in SubOro_NO
while stronger biases appear in both SubOro_OLD and
SubOro_NEW. SubOro_OLD also decreases the strong
biases in SubOro_NO over north Atlantic while Sub-
Oro_NEW increases them. SubOro_OLD has the small-
est RMSE of all. SubOro_NEW simulates worse results in
500 mb height than the other two runs compared to ERA-
Interim. However, the differences between all three model
runs and ERA-Interim are rather small compared to the
large value of 500 mb height.

Figure 8 shows the seasonal variation of 10-m wind
speed and 2-m temperature from ERA-Interim, NCEP2
wind speed, Willmott and Matsuura temperature. Sub-
Oro_NO, SubOro_OLD and SubOro_NEW averaged over
global land and selected regions. The three model runs
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Fig. 7 The differences of north-hemisphere winter 500 mb height between a SubOro_NO, b SubOro_OLD, ¢ SubOro_NEW and ERA-interim

reanalysis

capture the seasonal variation of 10-m wind speed very
well when comparing with the ERA-Interim data. Not sur-
prisingly, SubOro_NO has the highest 10-m wind speed,
SubOro_OLD has the lowest 10-m wind speed, and Sub-
Oro_NEW is in between for all seasons. SubOro_NEW is
closest to ERA-Interim over all regions. The 10-m wind
speed of NCEP2 reanalysis is generally more than 1.5 ms™!
smaller than that of ERA-Interim and the three model runs
but shows similar seasonal variations on global average and
over North and South America. For Asia, the 10-m wind
speed in NCEP2 is smaller than in ERA-Interim except
in December and January. For 2-m temperature, the three
model runs simulate similar results over global and Asia,
but have large differences over winter North America and
summer South America. Large differences are seen in
Northern Hemisphere winter between ERA-Interim and
Willmott and Matsuura. The reason for this is unclear to us
at this point. All three model runs and ERA-Interim over-
estimate the temperature over Global, Asia, North America
and underestimate it over South America in all seasons
compared with Willmott and Matsuura.

The diurnal cycles of wind stresses from three models
are shown in Fig. 9 over complex terrains with o > 200

@ Springer

in Asia (0—60N°, 60-140E°), North America (15-75N°,
60-140W°) and South America (0-60S°, 30-80W°). We
examined the total wind stresses and the contributions from
both grid-scale surface roughness and subgrid-scale orog-
raphy. SubOro_OLD simulates the strongest total wind
stress all day, which agrees with the wind stress spatial dis-
tribution in Fig. 2. Although the total wind stress in Sub-
Oro_NEW is only slightly larger than that in SubOro_NO,
it comes from different contributions. The grid-scale sur-
face roughness contribution is larger in SubOro_NO than
in SubOro_NEW. However, an extra contribution from
subgrid orography in SubOro_NEW makes up most of the
differences. In SubOro_OLD, the dominant contribution
comes from subgrid orography whereas in SubOro_NEW
grid-scale and subgrid-scale contributions are comparable.
SubOro_NEW has a weaker diurnal variation than Sub-
Oro_OLD, which has a much stronger diurnal variation due
to the fact that the indirect scheme TMS used in SubOro_
OLD interacts strongly with boundary-layer stability.

As mentioned in the Introduction, besides using differ-
ent subgrid orographic drag parameterization, SubOro_
NEW uses a filtered orography, which is smoother and
thus has smaller standard deviation of orographic heights
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than in SubOro_OLD. To estimate the contribution of fil-
tered orography data to the model simulation differences
between SubOro_NEW and SubOro_OLD, we perform
another experiment, SubOro_OLD_FLT, which uses the
TMS scheme (from SubOro_OLD) and the filtered ter-
rain height standard deviation data from SubOro_NEW.

Figure 10 shows the differences of wind stress and 10-m
wind speed between SubOro_OLD_FLT and SubOro_
OLD. The wind stress difference between SubOro_OLD_
FLT and SubOro_OLD is generally smaller than 0.1 Nm~2,
which is rather small in magnitude. A difference of wind
speed <0.5 ms~! is seen over most land areas except
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Fig. 9 The diurnal cycles of a total wind stresses, b the grid-scale orography and ¢ subgrid-scale orography contribution for terrain height stand-

ard deviation o > 200

Greenland and Antarctic. It is a non-negligible change,
as SubOro_OLD mainly has annual mean wind speeds
of between 1 and 4 ms~!. However, 0.5 ms~! is relatively
small compared with the large differences between Sub-
Oro_OLD and SubOro_NEW. This affirms that the differ-
ence between SubOro_NEW and SubOro_OLD is mainly
from the distinction between indirect and direct parameteri-
zation schemes. It is not clear to us what is the cause of the
large difference over Greenland and Antarctic.

To further investigate the effect of subgrid orographic
form drag on 10-m wind speed, we plot the probability
distribution function (PDF) of the 10-m wind speed for
the ERA-Interim and the four model runs in Fig. 11 over
global land areas. PDFs are shown in regions where terrain
height standard deviation 0 < o < 100, 100 < ¢ < 200
and o > 200 to see how orography affects the low-level
wind speed. Over smooth orography (0 < o < 100), the
10-m wind speed of SubOro_OLD is rather small com-
pared with that of ERA-Interim. The peak of the PDF is
around 1.5 ms~! and probabilities of high wind speed are
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relatively small. Large probabilities of high wind speed
occurred in SubOro_NO and SubOro_NEW, for smooth
orography causes little effects of subgrid drag in this case.
The wind speed PDFs of ERA-Interim is similar to that of
SubOro_NO and SubOro_NEW, but with higher high wind
speed probabilities. As the orography becomes more com-
plex, o becomes greater. In the case of 100 < o < 200 and
o > 200, SubOro_NO still simulates a generally high 10-m
wind speed. The wind speed of SubOro_OLD remains as
small as 1.5 ms~! when o increases, except that the proba-
bilities of high wind speed become even smaller. However,
the probabilities of high wind speed in ERA-Interim and
SubOro_NEW decrease quickly and clearly as the orogra-
phy becomes more complex, with an increasing percentage
of low wind speed as a consequence of the subgrid orogra-
phy drag effects. The direct scheme BBWO04 considers the
subgrid turbulent orographic form drag as a forcing term
in the equation of atmospheric motion. The effects of drag
are accounted for directly in the model dynamic processes.
This is the reason that ERA-Interim and SubOro_NEW has
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more responses to complex orography than SubOro_OLD,
which uses the indirect scheme and simulates a low wind
speed even under relatively smooth orography. The global
10-m wind speed probability distribution of SubOro_
OLD_FLT is much closer to that of SubOro_OLD than to

phy data.

SubOro_NEW over both smooth and complex orography,
which again confirms that the difference between SubOro_
NEW and SubOro_OLD mainly comes from the distinction
between two parameterization schemes but not the orogra-
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Fig. 12 Taylor diagram showing the overall performance of the three
model runs compared with several reanalysis and observations

Figure 12 is a Taylor diagram showing the overall per-
formance of the SubOro NO, SubOro_OLD and Sub-
Oro_NEW. The statistics for the Taylor diagram are derived
using: annual mean ERA-interim 10-m wind speed (U10),
2-m temperature (T,,,), PBLH, sea surface pressure (PSL),
500 mb height (Zsy,) and 500 mb temperature (Ts);
NCEP2 U10; JRA25 U10, PSL and Zsyy; Willmott and
Matsuura T,,, and Xie-Arkin precipitation data. There are
large differences in 10-m wind speed between parameter-
ized models and SubOro_NO due to subgrid drag param-
eterizations. PSL differences between three models are also
large. Differences in RMSE and correlation coefficients
in 2-m temperature and precipitation are minor. PBLH of
SubOro_OLD, same as Fig. 6 showed, agrees better with
the ERA-Interim. The 500 mb height and temperature have
little difference between three models.

4 Summary

We described and tested two parameterizations of subgrid-
scale turbulent orographic form drag, the Turbulent Moun-
tain Stress scheme (TMS) from default Community Atmos-
phere Model version 5 (CAMS5) and the BBW04 scheme
from Beljaars et al. (2004), using the NCAR Community
Earth System Model version 1.0.4 (CESM1.0.4) global cli-
mate model. The TMS scheme represents turbulent drag
as a drag coefficient, uses it to calculate the momentum
flux in the surface layer, which influences the wind pro-
files in the upper layers through the vertical diffusion pro-
cess. BBWO04 considers turbulent drag as a direct effect
on the atmospheric dynamic process by treating the drag
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as a term in the equation of atmospheric motion. We con-
ducted three sets of model experiments: one correspond-
ing to the control and two corresponding to the different
parameterization schemes. We compared the performance
of these two schemes based on 10-m wind speed, 2-m tem-
perature and planetary boundary layer height (PBLH). The
BBWO04 scheme produces a more similar result compared
with ERA-Interim reanalysis when simulating 10-m wind
speed. The TMS scheme increases the 2-m temperature and
PBLH, not only over areas with complex terrain features,
but also over large areas of sub-tropic and tropic in North
Hemisphere.

Further analyses indicate that both indirect and direct
schemes effectively reduce the low-level wind speed over
land, but the latter one is more sensitive to complex orog-
raphy. The contribution of filtered orography data was
also considered. Smoother terrain has smaller subgrid oro-
graphic effects as expected. However, the effect of using
smoother terrain in the BBW04 scheme is relatively small
compared to the change of parameterization scheme from
TMS to BBW04.
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