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ABSTRACT

The summertime improvement resulting from the operational implementation of a new surface modeling and
assimilation strategy into the Canadian regional weather forecasting system is described in this study. The surface
processes over land are represented in this system using the Interactions between Soil-Biosphere-Atmosphere
(ISBA) land surface scheme. Surface variables, including soil moisture, are initialized using a sequential assim-
ilation technique in which model errors of low-level air temperature and relative humidity are used to determine
analysis increments of surface variables.

It was found that the magnitude and nature of the analysisincrements applied to the surface variables depended
on the surface and meteorological conditions observed in each region. In regions characterized by weak me-
teorological activity (i.e., no clouds or precipitation), model errors of low-level air characteristics are more likely
to be related to an incorrect representation of surface processes due to either erroneous initial conditions or
inaccurate parameterizations in the land surface scheme. In other regions characterized by more frequent and
more intense precipitation events, surface corrections are mainly associated with inaccurate atmospheric forcing.

Objective evaluation against observations from radiosondes and surface stations showed that the amplitude
of the diurnal cycle of near-surface air temperature and humidity is larger with the new surface system, in better
agreement with observations. This type of improvement was found to extend higher up in the boundary layer
(up to 700 hPa) where cold and humid biases were significantly reduced by introducing the new surface system.
The model precipitation was also found to be significantly influenced by the new representation of surface fluxes.
The problematic increase of a positive bias in precipitation with integration time was found to be significantly
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reduced with the new system, due to the warmer and drier boundary layer.

1. Introduction

The importance of accurately representing exchanges
of heat, moisture, and momentum between the surface
and the overlying atmosphere has long been recognized
in general circulation modeling (Charney et al. 1977,
Shukla and Mintz 1982; Sud et al. 1988). It has often
been shown, for instance, that surface fluxes signifi-
cantly influence medium- and long-range prediction of
low-level temperature and humidity (e.g., Rowntree and
Bolton 1983; Yang et al. 1994; Huang et al. 1996; Fen-
nessy and Shukla 1999), and precipitation (Beljaars et
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al. 1996; Paegle et al. 1996; Eltahir 1998; Schér et al.
1999).

In the context of shorter-range numerical weather pre-
diction, the role of surface exchanges are important for
the diurnal evolution of the boundary layer (see Pan and
Mahrt 1987; Ek and Mahrt 1994), for conditioning pres-
torm environments (see Lanicci et al. 1987; Chang and
Wetzel 1991), and for the triggering and intensity of
convective activity (e.g., Clark and Arritt 1995; Gallus
and Segal 2000). Other studies have demonstrated the
impact of soil moisture (which plays amajor rolein the
partitioning of net incoming radiation at the surfaceinto
sensible, latent, and ground heat fluxes) on mesoscale
atmospheric circulations, such asdrylines (Ziegler et al.
1995; Grasso 2000), squall lines (Koch et al. 1997), and
low-level jets (McCorcle 1988; Fast and McCorcle
1991).
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Considerable efforts have been made in the last de-
cade to improve the representation of surface fluxes and
theinitialization of soil moisturein atmospheric models.
A multitude of surface—vegetation—atmosphere transfer
(SVAT) schemes of varying levels of complexity has
been developed like, for example, the Biosphere-At-
mosphere Transfer scheme (BATS; Dickinson et al.
1986), the Simple Biosphere model (SiB; Sellers et al.
1986), the Interactions between Soil-Biosphere-At-
mosphere (ISBA) scheme (Noilhan and Planton 1989),
the Canadian Land Surface Scheme (CLASS,; Verseghy
1991), and many others. A description and comparison
of SVAT schemes is provided by Chen et al. (1997).

Several techniques for initializing soil moisture have
been proposed and used, ranging from optimal inter-
polation (see Mahfouf 1991) or variational assimilation
(see Mahfouf 1991; Callieset al. 1998; Hess 2001) using
low-level atmospheric observations, to direct assimi-
lation of microwave radiances (see Entekhabi et al.
1994).

In the 1990s, several national weather forecasting
centers took advantage of these advancements by op-
erationally implementing new surface modeling and as-
similation systems. The European Centre for Medium-
Range Weather Forecasts (ECMWF) implemented a
four-level surface scheme with a simple representation
of vegetation (Viterbo and Beljaars 1995). A simple
““nudging” technique was included in their operational
suite to prevent long-term drift of soil moisture. At Mé&-
téo-France, the ISBA surface scheme was implemented
in the short- and medium-range weather forecasting
models, together with a sequential assimilation strategy
based on the work of Mahfouf (1991) and Bouttier et
al. (1993a,b) (see Giard and Bazile 2000). In the United
States, the National Centers for Environmental Predic-
tion (NCEP) opted for implementing a modified version
of the Oregon State University (OSU) surface scheme
(see Pan and Mahrt 1987; Chen et a. 1996). For ini-
tializing soil moisture, NCEP is currently developing
what is called the ““Land Data Assimilation System”
(LDAS), in which several surface schemes are inte-
grated in an “offline” manner, using the best possible
estimates for atmospheric forcing (i.e., low-level tem-
perature, humidity, and wind, as well as incoming ra-
diation and precipitation) (see Mitchell et al. 2000).

In this study, we present theinitial verification results
that led to the operational implementation in September
2001 of anew surface modeling system at the Canadian
Meteorological Centre (CMC). This new system in-
cludes the ISBA surface scheme and a sequential as-
similation cycle based on Mahfouf (1991), Bouttier et
al. (1993a), and Giard and Bazile (2000). The main
objectives of this study are to (i) quantify the impact of
better representing surface processes on summertime
short-range weather forecasting, (ii) examine the role
and importance of the soil moisture initialization tech-
nique, and (iii) discuss the potential use of diagnostics
from the sequential assimilation cycle (i.e., model errors
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TaBLE 1. Summary of the operational GEM regional
forecast system.

Dynamics/numerics

* hydrostatic primitive equations

» global variable-resolution grid (horizontal and vertical)

« cell-integrated finite-element discretization on Arakawa-C grid

« terrain-following hydrostatic pressure vertical coordinate

* two-time-level semi-implicit time scheme

» 3D semi-Lagrangian advection

* linear V2 horizontal diffusion on all model variables, except specific
humidity

* periodic horizontal boundary conditions

* no motion across the lower and upper boundaries

Physics

* planetary boundary layer based on TKE

« fully implicit vertical diffusion

« stratified surface layer, distinct roughness lengths for momentum
and heat/humidity

« four types of surface represented: continent, water, sea ice, and
glaciers

» ISBA surface scheme for land surface processes

« solar/infrared radiation schemes with cloud-radiation interactions
based on predicted cloud radiative properties

* Fritsch—Chappell convective scheme

* Sundqvist scheme for grid-scale condensation

Regional data assimilation system

* 12-h data assimilation cycle with 6-h trial field from regional GEM

« incremental 3DVAR algorithm

innovations computed with respect to background field at the full

model resolution

analysis increments produced on a 240 X 120 (T108 spectral res-

olution) global Gaussian grid

analysis on model levels

« initialization by a diabatic digital filter

and increments) to acquire information concerning the
systematic errors of the atmospheric model.

In the paper, we first describe the Global Environ-
mental Multiscale (GEM) atmospheric model, which is
currently used operationally at CMC for short-range
weather forecasting (section 2). The ISBA surface
scheme is then described (section 3), as well as the
sequential assimilation technique (section 4). Results
concerning the role of the assimilation technique and
the impact of the new surface modeling system are pre-
sented in section 5. A summary and conclusions are
given in the final section of the paper.

2. The GEM atmospheric model

Since February 1997, the Canadian short-range re-
gional forecasting system is based on the GEM model
(Cote et al. 1993; 1998a,b; see Table 1), in which the
primitive hydrostatic equations are integrated on a glob-
al variable-resolution grid (Arakawa-C type) using the
semi-implicit and semi-Lagrangian numerical tech-
niques. This regiona version of GEM has a uniform
horizontal resolution of 0.22° (~24 km) in the central
portion of the model grid, which covers North America
and the adjacent waters (see Fig. 1 of Bélair et al. 2000).
The vertical resolution is also varying, with a greater
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concentration of levelsin the boundary layer. A terrain-
following normalized pressure coordinate is used (Phil-
lips 1957; Kasahara 1974), and no motion is alowed
across the surface and top levels.

The initial atmospheric conditions are provided by a
regional data assimilation system (RDAS), with 12-h
cycles using trial fields from 6-h regional GEM inte-
grations (see, Chouinard et al. 1994). Data assimilation
in RDAS is done using a three-dimensional variational
technique (Laroche et al. 1999). The analysis is based
on the incremental method (Courtier et a. 1994), in
which the full resolution of the regional model is taken
into account for the innovations (i.e., differences be-
tween observations and the background fields), while
analysis increments are produced on a lower-resolution
global Gaussian grid.

In the previous operational version of GEM, the rep-
resentation of surface processes was based on a sim-
plified force-restore strategy in which vegetation and
snow were treated in a crude manner and in which only
the surface temperature T evolves prognostically (see
Mailhot et al. 1997; 1998), following

oT 21

E = Ciw(R, — H - LE) — T(TS - Tp) D
in which C; is a constant that describes the thermal
characteristics of the soil; R,, H, and LE are the net
radiation, sensible heat, and latent heat fluxes at the
surface, respectively; 7isa 1-day time constant; and T,
is a deep soil temperature, kept constant during the in-
tegrations. Soil moisture availability was also kept con-
stant during model integrations and wasinitialized using
an error feedback mechanism, not unlike the strategy
described later in section 4, which utilizes the model
errors on low-level dewpoint depression to diagnose
analysis increments for the soil moisture variable (i.e.,
the soil moisture availability factor; see Mailhot et al.
1997).

GEM’s physics package also includes (a) solar and
infrared radiation, fully interactive with clouds (Fou-
quart and Bonnel 1980; Garand 1983), (b) implicit ver-
tical diffusion with K coefficients obtained from a tur-
bulent mixing length and from a prognostic turbulent
kinetic energy (TKE) (Benoit et al. 1989), (c) a mass-
flux deep convective scheme based on the removal of
convective available potential energy (CAPE) (Fritsch
and Chappell 1980; Bélair et al. 2000), and (d) a grid-
scale condensation scheme based on Sundgvist (1978)
(see also Pudykiewicz et a. 1992).

3. The ISBA land surface scheme

In the new surface modeling system included in
GEM, surface fluxes are calculated over four types of
surface: land, water, glaciers, and seaice. The effective
fluxes used asalower boundary condition for the bound-
ary layer vertical diffusion are derived from an area-
weighted aggregation of the fluxes over the four surface
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TaBLE 2. |SBA's prognostic variables.
Variable Definition Units

Ts Surface temperature K

T, Mean surface temperature K

W Superficial (first 10 cm) volumetric water m3m-3
content

A Rooting depth volumetric water content msm-3

W, Liquid water retained on the vegetation Kg m—
canopy

W Snow mass Kg m—2

ag Snow abedo

Ps Snow density (relative to water density)

W, Liquid water in the snowpack Kg m—2

We Volumetric content of frozen soil water m3 m-3

types. The main emphasis of this study is to examine
the summertime performance of the ISBA surface
scheme over land. The other schemes for processes over
sea ice and glaciers will be the subject of forthcoming
publications. (Over water bodies, the surface tempera-
ture is provided by an analysis and is kept constant
during the model integrations.)

The ISBA surface scheme was developed in the late
1980s at Météo-France (see Noilhan and Planton 1989)
and was tested over awide variety of surfacetypes(e.g.,
Jacquemin and Noilhan 1990; Braud et al. 1993; Calvet
et al. 1999; Habets et al. 1999). Many versions of ISBA,
of varying degrees of complexity (see Booneet al. 1999,
2000), are used nowadays. A description of the version
implemented at CMC is provided below.

The 10 variables that evolve prognostically in CMC'’s
version of ISBA arelisted in Table 2. Because the focus
of the present study is on ISBA's summertime perfor-
mance, the prognostic equations for Tg, T,, w,, W,, and
W, are described in the rest of this section. Details con-
cerning ISBA's treatment of cold climate (winter) pro-
cesses are given in Bélair et al. (2003).

The prognostic equations for the surface temperature
T and the mean surface temperature T, are obtained
from the force—restore method (Bhumralkar 1975):

dTs
— = R.— H — LE
=GR, )
+ C;L(freez, — melt, + freezg — melty)
2T
- _(Ts - Tz)a (2)
T
aT. 1
8_t2 =—(Ts — Ty, (3
T

in which L is the latent heat of fusion (definitions for
all the other symbols are given in Tables 2 and 3). The
first term on the right-hand side of (2) represents the
forcing from radiative fluxes at the surface; the second
termisfor latent heat rel ease due to freezing and melting
of soil water and snow; and the last term, like the only
term on the right-hand side of (3), is a “‘restoring” or
relaxation term.
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Because only one energy budget is evaluated over the
soil portion of a model grid areain CMC’s version of
ISBA, the thermal coefficient C; includes the effect of
bare soil, vegetation, and snow;

1

C = ]
T (- veg)(d ~ pag) | Veg(d ~ Pa) | Py
C C Cs

g v

(4)

where the contribution of ground, vegetation, and snow
(i.e,, C,, C,, and C,) are weighted by the fraction of the
model grid area covered by vegetation (veg) and snow
(ps,), and the fraction of bare soil and vegetation covered
by snow (ps,, and p,). The thermal coefficient for veg-
etation (C,) has fixed values of 1 X 105 or 2 X 105
K m2 J-* for high and low vegetation, respectively. For
bare ground, the thermal coefficient is given by

W, b/(2 In10)
Cy = Coue| == ,
W,

C,=2Xx 105K m2 J1, (5)

in which w, (soil water content at saturation), C, (val-
ue of C, at saturation), and b (slope of the retention
curve) are soil parameters that are determined from the
soil texture (see Noilhan and Lacarrére 1995). Details
concerning the snow coverage fraction and the snow
thermal coefficient are given in Bélair et al. (2003).

A schematic of ISBA's water budget is given in Fig.
1. This diagram shows all the water reservoirs (w,, W,,
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TaBLE 3. Important variables in ISBA.

Variable Definition Units
P, Rain rate Kgm=2st?
Ps Snow rate Kgm=2st
E, Bare soil evaporation Kgm=2st
Es Snow sublimation rate Kgm—=2st
E, Direct evaporation from vegetation Kgm=2st?

canopy
E, Vegetation transpiration Kgm=2st?
C; Surface thermal coefficient K m2zJ-1t
C, Bare soil thermal coefficient K m2J-1
Cs Snow thermal coefficient K m2J-1
C, Vegetation thermal coefficient K m2J-1
veg Fraction of model grid area covered by

vegetation
Par Fraction of model grid area covered by

snow
Peng Fraction of bare soil covered by snow
Paw Fraction of vegetation covered by snow
freezg Freezing fluxes of snow Kgm—=2st
meltg Melting fluxes of snow Kgm=2st?
freez, Freezing fluxes of soil water Kgm—=2st
melt, Melting fluxes of soil water Kgm=2st?
Roow Snowmelt runoff Kgm—=2st
Rt Surface runoff Kgm=2st
R Vegetation throughfall Kgm—=2st
drain Deep soil drainage Kgm=2st?

we, W,, W, and W,) that are represented in ISBA, as
well as all the sources (precipitation), sinks (runoff and
drainage), and transfers between these reservoirs. In
ISBA, the superficial and rooting-depth soil water con-
tents both evolve according to the following force-re-
store equations:

W, C
a—tg = Cy[(1 — veg)(1 — psng)Pr + (1 - psnv)Rveg + Roow = Eg — Ran] — 72(Wg o Wgeq)’ (6)
oW, 1
E N p d [(l - Veg)(l - psng)Pr + (1 - psnv)Rveg + Reow + meltg o freezg B Eg —Eo- R‘”"]
w2
G
- d—MAX[O, (W, — W), ¢
T

where p,, is the liquid water density; d, is the rooting
depth; w,, is an equilibrium water content; w is the
soil water content at field capacity; and C,, C,, and C,
are coefficients that depend on the soil texture (see Noil-
han and Planton 1989; Mahfouf and Noilhan 1996).
The evolution equation (7) for w,, representsthe water
budget over a soil layer of depth d,. The first term on
the right-hand side includes the effect of rainfall, veg-
etation and snowmelt runoff, melting/freezing of soil
water, evaporation, and surface runoff. The other term,
for drainage, is proportional to the water amount ex-
ceeding field capacity (i.e., w, — w;;) (see Mahfouf and
Noilhan 1996). Equation (6) for w, is similar to (7)

except for the melting/freezing and transpiration terms
that are not included, and the restore term that is used
for this layer. The subgrid-scale surface runoff Ry, that
appears in the two equations is evaluated with the var-
iable infiltration capacity scheme described in Wood et
al. (1992), which is based on the so-called Nanjing mod-
el (see Zhao 1992).

Rainfall and dew intercepted by the canopy foliage
feed areservoir of water content, W,. This water evap-
orates in the air at a potential rate from the fraction 6
of the foliage covered with a film of water, as the re-
maining part (1 — &) of the leaves transpires. Following
Deardorff (1978),
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E,

Fic. 1. Schematic diagram of the hydrological cycle represented
in the modified version of ISBA. All the water reservoirs are shown,
including new ones for liquid water retained in the snow pack and
frozen water in the soil (see Bélair et al. 2003, for more details about
these reservoirs). Exchange processes between all the reservoirs are
also shown. All the symbols are explained in Tables 2 and 3.

W,
ot = Vegpr - (Eu - Etr) - Rveg' (8)
Vegetation throughfall R, occurs when W, exceeds a

maximum value W, given by

W, = 0.2vegLAl,

where LAl is the leaf area index.

The surface heat turbulent fluxes are calculated by
means of classical aerodynamic equations, using a ther-
mal drag coefficient from Delage and Girard (1992) and
Delage (1997). Calculations for the sensible heat flux
are straightforward, using the surface temperature Tg
that evolves according to (2). The latent heat flux LE,
on the other hand, isthe sum of fluxes over bare ground,
vegetation, and snow, weighted by the areas (1 — veg)(1
— Pag)s VEI(L — Pg,), and pg,, respectively. The details
of surface fluxes calculations are given in Noilhan and
Planton (1989).

9)

4. The sequential assimilation of surface variables

To properly initialize ISBA's surface temperatures (T
and T,) and soil water contents (w, and w,), a sequential
assimilation system was al so operationally implemented
at CMC. The basic ideabehind thistechniqueistorelate
assimilation increments on soil moisture and surface
temperature to model errorsin low-level air temperature
(T) and relative humidity (RH), following the linear
equations

— _ f
oW, = wWg — Wi

= a,(T° — Tf) + a,(RH° — RHf), (10)
oW, = W3 — Wj
= Bu(T° = T) + Bo(RH® — RH'),  (11)
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where the subscripts ““a,”” *“ f,”” and ‘0" refer to “‘an-
alyzed,” ‘‘forecasted,” and ‘‘observed.”

Based on the work of Mahfouf (1991), who estimated
the statistical distribution of the «,, «,, B;, and B, co-
efficients at each local solar time using a Monte Carlo
method, Bouttier et al. (1993a) proposed an analytical
formulation of the coefficientsin the form of continuous
functions of surface characteristics, which was later
modified by Giard and Bazile (2000). The parameters
appearing in these continuous functions were cal cul ated
to fit to alarge sample of « and 3 coefficients computed
exactly using the Monte Carlo method (see Bouttier et
al. 1993a). These coefficients are specified by linearly
interpolating hourly tabulated values (not shown here)
to the local solar time of each model grid point.

For the surface temperatures, the analysis increments
are directly related to model errors at screen level, fol-
lowing

5T5=T§—T§=T°—Tf

To_Tf
6T, =Ts— Ty =T,
2

To avoid performing the analysis in improper atmo-
spheric and surface conditions, the analysis increments
oTg, 6T,, dw,, and dw, are multiplied by a rejection
factor rej, which depends on the conditions described
in Table 4. Essentially, the surface assimilation has no
impact in cloudy, rainy, snowy, and windy conditions
because in these situations the low-level ar character-
istics are more influenced by atmospheric processes
(e.g., advection, condensation, and evaporation) than by
surface fluxes. Moreover, the assimilation increments
are set to zero for frozen soils or snow-covered surfaces.

Figure 2 shows how the sequential surface assimi-
lation was set up in CMC's short-range weather forecast
system. The GEM regional atmospheric model is
launched twice a day, at 0000 and 1200 UTC, for 48-
h integrations. The upper-air initial conditions for GEM
are obtained from 12-h **spinup’ cycles, in which data
are assimilated every 6 h using a three-dimensional var-
iational data assimilation (3DVAR) technique (Laroche
et a. 1999). For the surface analyses, the increments
0T, 6T,, dw,, and éw, are calculated every day using
18-h forecasts valid at 1800 UTC, that is, at maximum
insolation time over North America, when the corre-
lation between surface- and low-level air characteristics
is the greatest. The model errors are obtained by com-
paring model predictions with analyses of low-level air
temperature and humidity (i.e., analyses of surface ob-
servations with first-guess fields produced by the re-
gional model forecasts). The surface increments are ap-
plied at 0000 UTC the next day for the regional spin
up. The surfaceinitial conditions for the 1200 UTC spin
upsaredirectly taken from the 12-h integrations, starting
at 0000 UTC.

Even though the basic principle of this soil moisture
assimilation is the same as the so-called error feedback

and (12

(13)
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TaBLE 4. Sequential assimilation rejection factor.

Variable Rejection factor
Water If only water, thenregj = 0
W,
Snow re = re max(l - —=, 0),
W,y
where W, is a critical rejection value for the
snow water equivalent
. . : freez . .
Frozen soil rej = rej max(l - , 0), in which
freez g
freez = ——
(W + wy)
and where freez,; is a critical rejection value
for the fraction of frozen soil water content
reci
Precipitation rg = re max(l — Py 0)
precip,g

where precip,,., 1S an avg value of predicted
precipitation accumulation in the 12-h period
centered on the analysis time, and precip,q is
a critical rejection value for precipitation

wind, oy
—== 0
wind )

where wind,,, is the wind module and wind,4
isacritical rejection valuefor low-level wind

S0l groung 1
solar,, '/’
where solar,,, and solar,,, are the incident so-

lar radiation fluxes at the surface and at the
top of the atmosphere

Advective effects  rgl = rg max(z -

rej

Clouds re = re min<2

mechanism that was used in the previous operational
system (see Mailhot et al. 1997), its application within
the CMC's regional weather forecasting system is quite
different. In the previous system, assimilation incre-
ments were applied to asingle variable for soil moisture
availability using errors on dewpoint depression. In the
new system, these increments are evaluated from model
errorsin both air temperature and relative humidity, and
are applied to both soil moisture and surfacetemperature
variables (at two levels). Moreover, 5-day means of
model errors were used in the previous operationa sys-
tem, whereas no such averaging is performed in the new
system.

5. Summertime preimplementation tests
a. Experimental setup and ISBA’s input data

Because root-zone soil water evolves very slowly,
evaluation of the new surface modeling and assimilation
system requires areasonably long spinup period. There-
fore, only the results obtained during the last month of
a 4-month assimilation cycle, which started on 1 May
2000, were examined for this study (i.e., August 2000).
Even though the new sequential assimilation described
in the previous section accelerates the spinup process,
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of increments
on Ts, T2,
wg, et w2

Sequential
assimilation of
surface variables

24-h
forecasts
for Ts, T2,
wg, et w2

Surface assimilation cycle

«

FiG. 2. Schematic diagram of the sequential assimilation of surface
variables, TS and ES are analyses of 2-m air temperature and dew-
point temperature depression, that is, T — T,, whereas TT and HR
are forecasts (see subscript “f'") of 2-m air temperature and relative
humidity.

it is not certain, a priori, that a 3-month period is suf-
ficiently long to allow soil water to reach a true equi-
librium state that would be independent of the initial
conditions. Unfortunately, the computer cost associated
with integrating the GEM regional forecasting system
prevented us from running the surface assimilation cycle
for a longer period to verify this hypothesis. The con-
tinuous real-time integration of the surface modeling
and assimilation system that is now being run opera-
tionally at CMC will provide some answers concerning
this question.

Figure 3 shows a few of the geophysical fields that
are required to run the new surface modeling system.
Vegetation and soil characteristicsare spatially averaged
in GEM’sentry programsin order to provide the physics
package with surface fields that are representative of the
model grid areas associated with all the model grid
points (see Noilhan and Lacarrere 1995). The source
data for this averaging comes from several ancillary
databases. Vegetation properties are obtained from a
United States Geological Survey (USGS) database that
covers North America at a resolution of about 1 km.
For soil texture, a high-resolution (i.e., ~1 km) multi-
layer soil characteristics dataset based on the United
States Department of Agriculture (USDA) State Soil
Geographic Database (STATSGO) is used over the Unit-
ed States, whereas a lower-resolution database, from
Agriculture Canada, is used over Canada.

Vegetation’s main characteristics (e.g., leaf area in-
dex, vegetation fraction) vary according to the day of
the year, following a preestablished table (similar to
those shown in Giard and Bazile 2000). The upper pan-
elsin Fig. 3 show that most of North Americaiscovered
with relatively dense vegetation in August. For soil tex-
ture, the sand and clay percentages are calculated from
the dominant soil type and are then used to determine
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Fic. 3. Vegetation and soil characteristics for the central portion of the integration domain: (top) the
vegetation fractional coverage (VEG; %) and leaf areaindex (LAl; m2m—2), valid for the model runinitialized
at 0000 UTC on 2 Aug 2000, and (bottom) the sand and clay content (%) of the soil.

the relevant parameters using relations from Noilhan
and Lacarrere (1995). The lower panels of Fig. 3 show
that soil texture varies greatly over North America. This
figure also illustrates the difference in resolution be-
tween the two soil databases.

The surface prognostic variables for the first day of
the 4-month assimilation cycle (i.e., 1 May 2000) are
initialized in an arbitrary manner. The superficial surface
temperature is specified directly from the 1.5-m-level
air temperature analysis, whereas an average of the pre-
vious 5 days is used for the mean surface temperature.
These surface temperature initial conditions are not of
crucial importance because these variables adjust fairly
rapidly (even the mean surface temperature) to radiative
forcing.

Soil moisture, however, evolves more slowly (espe-
cially for the deep soil layer) and, thus, requires a more
proper initialization in order to reduce its adjustment
time. Unfortunately, no analysis was available for this
quantity. Values halfway between the volumetric water
contents at the wilting point and field capacity were used
as initial conditions for both superficial and deep soil
water for 1 May 2000. Diagnostics from the sequential

assimilation during the first weeks of numerical inte-
gration revealed that predicted low-level air wasin gen-
eral too humid and too cold, which indicated that the
soil was probably too moist. The model thus had, in
these first weeks of integration, a tendency toward a
drier equilibrium state, due to drying tendencies from
the sequential assimilation and large surface evapora-
tion.

Initial conditions for other surface variables, with
much less impact on the long-term summertime evo-
lution of the surface, also had to be specified for the
first day of the assimilation cycle: the water retained in
the vegetation canopy was set to zero, the snow depth
was obtained from aCM C operational analysis(Brasnett
1999), the snow density and albedo were set to values
typical of fresh snow, and the frozen soil water was set
to zero everywhere except under the snowpack. All the
surface prognostic variables were carried on without any
changes from one 24-h integration to the next, except
for the surface temperatures and soil moistures, which
were modified by the surface sequential assimilation
(see Fig. 2).

The rest of this section presents the diagnostics and



APRIL 2003

0 20 40 60 80

FiG. 4. Fraction (%) of days during Aug 2000 for which the se-
quential assimilation of surface variables was not activated, due to
unfavorable atmospheric conditions. The three squares, identified by
the letters ““A,” “B,” and ““C,” indicate the position of averaging
domains used for the time series shown in Figs. 8, 9, and 10.

statistics related to the surface sequential assimilation
cycle for August 2000, as well as the objective evalu-
ations for this same period.

b. Sequential assimilation statistics

Initial conditions of surface temperature and soil
moisture have a significant influence on surface fluxes
and their partitioning into sensible and latent heat fluxes.
It is therefore important to examine results and diag-
nostics from the surface sequential assimilation system
before objectively evaluating the new surface modeling
system.

Figure 4 shows the percentage of days during August
2000 for which the sequential assimilation of surface
variables was not activated, due to unfavorable atmo-
spheric conditions. As expected, this ““rejection” frac-
tion produced by the sequential assimilation corre-
sponds well with monthly means of 12-h precipitation
(centered on the time of assimilation, 1800 UTC) and
the fraction of top-of-atmosphere solar radiation that
reaches the surface at 1800 UTC (Fig. 5).

In general, the sequential assimilation is performed
less often in the northern and eastern parts of the North
American continent, due to more cloudy and rainy con-
ditions. Over most of Canada and the eastern part of
the continent, the rejection fraction is on the order of
40%—-60%. This fraction is much lower for the western
part of the United States, that is, less than 20%, where
less rain and cloud activity was predicted and observed.
One should note that except for afew regions, like Alas-
ka, British Columbia, and the surrounding areas of Hud-
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son Bay, the rejection fraction does not exceed 60%,
which assures us that the sequential assimilation should
be effective at least every other day, on average, for
most of the model grid pointsin North America. Results
discussed in the next section reveal that thisassimilation
frequency is sufficient to improve the numerical pre-
diction of the boundary layer and precipitation, com-
pared to the previous operational forecasting system.

1) MONTHLY MEAN MAPS

Figures 6 and 7 show maps for monthly averages of
surface warming and soil moistening increments pro-
duced by the sequential assimilation in August 2000.
These figures expose the tendency of the assimilation
system to warm the surface and dry the soil over alarge
portion of North America, which is consistent with ten-
dencies produced in thefirst 3 months of the assimilation
cycle. It thus seems that soils are still too humid and
that the surface has still not reached an equilibrium state,
at least for a certain portion of the continent, that is
independent of the chosen initial conditions.

The time necessary to adjust from incorrect initial
conditions depends on atmospheric conditions, on sur-
face types, and on the *“difference” between the initial
and adjusted soil moistures. For some regions, a period
of several months should be expected before reaching
an equilibrium state (see Douville et al. 2000). In the
present case, the surface warming and soil drying shown
in Figs. 6 and 7 are found to be larger for the western
portion of the United States. The soils in this area are,
in general, drier compared to the rest of the continent,
because they are subjected to much less precipitation.
Because soil drying mainly occurs through surface
evaporation and assimilation adjustments (which could
be very small for the deep-soil reservair, as will be
discussed below), the timescales associated with soil
drying could be significantly longer than the timescales
associated with soil moistening, which can occur fairly
rapidly in regions having considerable summertime pre-
cipitation. Considering aso that “dry” equilibrium
states could be relatively far away, compared to the rest
of the continent, from the initial conditions that were
imposed at the beginning of the assimilation cycle (e.g.,
from halfway between the wilting point and field ca-
pacity, to values much lower than the wilting point), it
is understandable that the time necessary to reach model
equilibrium could be on the order of months for some
regions (e.g., the southwestern part of the United States).

It is interesting to note that cooling and moistening
tendencies are produced by the sequential assimilation
for a narrow band along the western coast of the con-
tinent. This artificial effect is related to observations
near the West Coast that are often more representative
of cooler and moister maritime air that is advected in-
land by the eastward general circulation. In the low-
level ar temperature and humidity analysis process,
these observations incorrectly influence a wider region
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Fic. 5. Total precipitation and avg radiation for the 0000 UTC
integrations of the parallel model during Aug 2000. (top) Accumu-
lated 12—24-h precipitation (mm) and (bottom) avg fraction of solar
radiation (%) reaching the surface (flux reaching the surface divided
by the flux at the top of the atmosphere) at 18-h integration.

that reaches too far inland where, in reality, the advec-
tive effect of maritime air isnot felt as much. Over these
inland regions, the sequential analysis perceives the
model prediction to be too warm and too dry. The re-
sulting assimilation increments are thus to cool the sur-
face and moisten the soil, which produces the narrow
band along the West Coast seen in Figs. 6 and 7. This
effect is not observed along the East Coast, where low-
level air measurements are not influenced as much by
maritime air due to the circulation, which is generally
toward the ocean.

The assimilation increments presented in this section
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Fic. 6. Avg increments of surface temperature Tg (K day *) from
the sequential assimilation of surface variables for Aug 2000. Full
lines (dark shades) indicate warming increments, whereas dashed
lines (pale shades) indicate cooling increments.

are not only due to incorrect low-level analyses or to
the model spin up toward an equilibrium state; they are
also related to model errors for the atmospheric forcing
and/or the prognostic evolution of surface variables. It
is possible, for instance, that low-level air temperature
(or humidity) could be systematically underpredicted (or
overpredicted) by GEM due to problems related to the
numerical representation of the boundary layer, radia-
tion, clouds, or precipitation (Bouttier et al. 1993b; Hu
et al. 1999; Douville et al. 2000). It could also be that
ISBA is not able to adequately represent surface pro-
cesses even with ““ perfect” atmospheric forcing. As ex-
plained later, it is likely that this second factor is less
important than the first. Unfortunately, the results shown
in Figs. 6 and 7 do not allow us to quantify, or even
identify, these potential errors.

2) TIME SERIES

To better understand the link between atmospheric
conditions and the behavior of the sequential assimi-
lation, Figs. 8, 9, and 10 show time series plots of spa-
tially averaged forcing variables (over the small regions
indicated in Fig. 4) and the response of the sequential
assimilation.

The time series shown in Fig. 8 indicate that region
A (i.e.,, Nevada; see Fig. 4) was mainly sunny and did
not receive much precipitation during August 2000.
Over this region, the temperature increments were pos-
itive each day of the month, indicating that all of the
August 2000 18-h forecasts starting at 0000 UTC were
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Fic. 7. Avg increments of soil moisture (m® m—2 day—*) from the
sequential assimilation of surface variables for Aug 2000. (top) The
increments for the soil water content of the superficial reservoir w,
and (bottom) the soil water content of the deep reservoir (w,). Full
lines (dark shades) indicate positive increments, whereas dashed lines
(pale shades) indicate negative increments.

too cold over this region [see (12) and (13)]. In a con-
sistent manner, the impact of the sequential assimilation
was to dry the soil during this period, with larger in-
crements for the superficial reservoir and almost no ef-
fect on the deep reservoir. This is in agreement with
results presented in Bouttier et al. (1993b) who showed
that the sequential assimilation mostly influences the
superficial layer for regions with almost no vegetation.
Because of this absence of deep reservoir drying by the
sequential assimilation, soil drying over region A main-
ly occurs through surface evaporation, which could ex-
plain why the adjustment time toward an equilibrium
state is so long.
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Fic. 9. Same as Fig. 8, but for region B indicated in Fig. 4.
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Fic. 10. Same as Fig. 8, but for region C indicated in Fig. 4.

Results over region B, which includes Wisconsin,
lowa, and Minnesota (see Fig. 4), are quite different
(see Fig. 9). One should first note that several significant
precipitation events were predicted for this region and
that soil moisture increments from the sequential assim-
ilation are large compared to those for region A. Aswas
the case for region A, the increments on surface tem-
peratures and soil water contents were negatively cor-
related, that is, cooling with moistening and vice versa.
Because of the presence of vegetation over region B,
which increases the correl ations between deep soil mois-
ture and surface air characteristics, the assimilation in-
crements on the deep soil water content were as large
as the increments on the superficial soil water. The two
increments are in fact quite similar during August 2000,
except for afew days (i.e., 14 and 18 August) when the
increments were of different signs.

It is difficult from Fig. 9 to establish a clear link
between precipitation and subsequent corrections from
the sequential assimilation. For example, there is cool-
ing and moistening after the precipitation event that oc-
curred on 4-5 August, and the opposite for the precip-
itation event that occurred on 16—17 August. This type
of behavior is expected, because it is quite likely that
the atmospheric model could overpredict precipitation
on one occasion, and underpredict it on another (same
for radiative forcing).

It is clear, though, that analysis increments change
sign more often for region B, as compared to region A
(cf. Figs. 8 and 9). This indicates that model errors,
either associated with the numerical representation of
atmospheric forcing or of surface processes, are larger
than the more systematic errors associated with a dry-
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down adjustment process for region B. Considering the
very difficult nature of the parameterization of conden-
sation processesin atmospheric model s (see Frank 1983;
Molinari and Dudek 1992; Bélair and Mailhot 2001)
and the already proven ability of ISBA to correctly rep-
resent surface processesin stand-al one experimentsover
a wide range of surface types (Jacquemin and Noilhan
1990; Mahfouf 1990; Habets et al. 1999; Calvet et al.
1999), we believe it is more likely that the surface flux
errors that lead to the corrections shown in Fig. 8 are
more related to an incorrect representation of atmo-
spheric forcing (precipitation and/or radiation) than to
an incorrect representation of surface processes.

The third area under study, that is, region C (Missis-
sippi; see Fig. 4), was less influenced by the sequential
assimilation compared to the other two regions because
the surface temperature and soil moisture increments
are relatively small and centered around zero (see Fig.
10). This weaker effect of the sequential assimilation
can be attributed to smaller model errors associated with
the less numerous and weaker precipitation events that
occurred over this region in August 2000 (as compared
to region B), to a better partitioning of the assimilation
increments between the superficial and deep soil water
reservoirs due to the presence of vegetation (as com-
pared to region A), and to a moister equilibrium state
that was closer to the initial conditions.

It can thus be concluded from the time series shown
in Figs. 8-10 that the role and impact of the surface
sequential assimilation greatly depends on the region.
For areas with less meteorological activity, like clouds
and precipitation, errors associated with surface pro-
cesses should dominate other errors that would be as-
sociated with atmospheric forcing. This was the case
for region A where the errors were associated with a
dry-down adjustment from incorrect initial conditions
for soil moisture. For other regions (like regions B and
C) where the frequency and intensity of precipitation
events are larger, errors in the representation of surface
processes should be small compared to those associated
with precipitation and radiation. The role of the se-
guential assimilation is to correct, after the fact, these
errors on atmospheric forcing. Time series such asthose
presented in this study are a useful tool to monitor the
activity level of the sequential assimilation for certain

key regions.

c. Objective evaluation

In the present investigation, we examined how the
inclusion of ISBA translated into improved meteoro-
logical predictions, like surface air characteristics (tem-
perature and humidity) and precipitation. The objective
evaluations presented below were computed using the
standard synoptic networks of surface stations and ra-
diosondes (not shown). It should be mentioned that a
large portion of the surface stations are located in the
eastern part of North America, with fewer stations in



APRIL 2003

= — —

Integration hour

Fic. 11. Objective evaluation of model surface temperature against
observations. The rms errors are represented by the full lines whereas
the biases are shown by the dashed lines. Scores for the operational
and ISBA versions of the model are indicated by the gray and black
lines, respectively. The top two panels show the scores for the fore-
castsinitialized at 0000 and 1200 UTC, while the resultsin the bottom
panel include all the forecasts.

mountainous regions in the west. Surface stations for
which the altitude was too different from the associated
model gridpoint height were not considered in the cal-
culations. The upper-air (i.e., radiosondes) observation-
a network is considerably less dense than the surface
station network, but provides a more even spatial cov-
erage over the North American continent.

1) NEAR-SURFACE AIR CHARACTERISTICS

Figure 11 shows the root-mean-square (rms) and bias
errors for the screen-level temperature for both ISBA
and the simple force—restore scheme that was used in
the previous CMC's operational regional weather fore-
cast model. It is interesting to note that improvement
of surface air temperature associated with the inclusion
of the new surface modeling system seems marginal
when looking at the combination of forecasts from 0000
and 1200 UTC (lower panel of Fig. 11). Examined sep-
arately, however, results from runs starting at 0000 and
1200 UTC reveal that the new surface system signifi-
cantly improves the diurnal cycle's amplitude, which is
significantly underestimated with the previous force—
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restore scheme. For the two upper panels of Fig. 11,
the temperature bias scores of the previous operational
system show that this model is relatively colder around
0000 UTC (evening), and vice versaat 1200 UTC (early
morning). In contrast, the bias and rmslines for the new
system are almost flat, indicating that the amplitude of
the diurnal cycleis better represented. Because the mod-
el has, on average, a cold bias, the new system’s errors
are smaller in the evening and larger in the morning, as
compared to the previous operational system. Theorigin
of this cold bias is currently under investigation.

The monthly averaged surface air temperature dif-
ferences between 0000 and 1200 UTC reveal, in another
way, the positive impact of the new surface system on
the predicted amplitude of the diurnal cycle. Figure 12
shows that the new surface modeling system is able to
forecast temperature differences greater than 16 K over
the western United States (e.g., Oregon, Idaho, Nevada,
and California) that compare well with the analyzed
temperature differences. In contrast, thetemperaturedif-
ferences produced by the previous operational model
are considerably less over the same region (i.e.,, <12
K). It is worth noting that other studies describing the
use of new surface modeling systems do not report on
such remarkable improvements in the representation of
the temperature diurna cycle's amplitude (e.g., Giard
and Bazile 2000).

Objective evaluation of the screen-level humidity for
the two surface systems is shown in Fig. 13. For his-
torical reasons, these humidity scores are computed at
CMC using dewpoint depression (i.e., T — T,), which
has the undesirable consequence that temperature and
humidity scores are not independent.

Itisevident from Fig. 13 that the previous operational
model also produces a diurnal oscillation in both rms
and bias scores for dewpoint depression. It is difficult,
though, to determine whether this effect is entirely due
to the underestimation of the temperature diurnal cycle's
amplitude (Fig. 11), or if it is also partly caused by
dewpoint temperature errors. As was the case for tem-
perature, the oscillations in dewpoint depression are sig-
nificantly reduced with the new surface system. Again,
itisdifficult to separate the contributions from humidity
and temperature for this improvement. For rms errors,
the new system also produces diurnal oscillations, which
indicate that the new model, as was the case for the
previous operational model, produces larger low-level
humidity errors at 0000 UTC, as compared to 1200
UTC. The near-surface relative humidity at 0000 UTC
does not only depend on surface fluxes, but also on the
daytime evolution of the well-mixed layer. It is thus
possible that the increased errorsin dewpoint depression
at this time of the day could be partly caused by an
incorrect representation of the daytime convective
boundary layer.

It is aso interesting to note from Fig. 13 that the sign
of the humidity bias is different for the two model con-
figurations. Forecasts from the previous operational sys-
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Fic. 12. Differences of screen-level air temperature (K) between 0000 and 1200 UTC from the regional
model analyses (based on data assimilation using the regional atmospheric model forecast as a first guess)
(ANAL), the operational runs (OP), and the parallel runs, including ISBA (PAR), averaged for the month

of August 2000.

tem are generally too humid at low levels, and the op-
posite is found for the model with ISBA (note though
that the humidity bias is smaller with the new system).
Because the temperature biases are very similar for the
two systems (see Fig. 11), this difference of sign for
the relative humidity bias seems to be related to surface
evaporation.

This hypothesis is confirmed by results given in Fig.
14, which shows monthly averages of predicted sensible
and latent heat fluxes from the two forecast systems.
From thisfigure, it is clear that the Bowen ratio is quite
different for the two surface modeling systems. With
the new system, sensible heat fluxes are larger (by about
35% in the afternoon) than those from the previous op-
erational model, and vice versa for latent heat fluxes. It
is also interesting to note that evaporation is also re-
duced (by half) during nighttime hours (not the case for
sensible heat fluxes), which suggests that nocturnal
ground heat fluxes (or heat storage rate G = R, — H
— LE) must be larger in the ISBA version, because the
surface is generally cooler at night with this model ver-
sion (i.e., larger net radiation).

2) ATMOSPHERIC BOUNDARY LAYER

Figures 15 and 16 show how these improvements on
the prediction of screen-level temperature and humidity

extend to the low- and midtroposphere. These two fig-
ures reveal that the new representation of surface fluxes
leads to important reductions, for a layer reaching as
high as 700 hPa, of cold and humid biases that existed
in the previous operational model. The main effect of
the new surface system is to shift bias curves to the
right, without changing much of their vertical structure.
Although reduced, there are still cold and humid biases
in the boundary layer with the new system, even though
biases near the surface are smaller or even of adifferent
sign (for humidity). In these conditions, the sequential
assimilation is not able to further reduce biases in the
boundary layer, because screen-level resultsaretoo cold
and too dry, leading to soil moisture increments of op-
posite signs (see section 4). The difference between the
biases, near the surface and higher up in the atmosphere,
suggests that there may be some problems with the rep-
resentation of vertical transport of heat and humidity
associated with boundary layer turbulence. It is also
possible that an assimilation strategy that would include
the boundary layer could lead to smaller biases in this
part of the troposphere.

It is also encouraging to see in Figs. 15 and 16 that
rms errors are also reduced with the new model. This
improvement is particularly important for temperature.
It is unclear, though, what portion of this rms error
reduction is due to a decrease of the biases.
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Fic. 13. Same as Fig. 11, but for the objective evaluation of model
surface dewpoint depression (i.e., T — T).

3) PRECIPITATION

With such important changes to the boundary layer
temperature and humidity, the introduction of the new
surface modeling system should be expected to signif-
icantly modify quantitative precipitation forecasts. Fig-
ures 17 and 18 show bias and threat scores, which are
often used to objectively eval uate precipitation forecasts
at operational centers (e.g., see Bélair et al. 2000). This
verification is done using the synoptic observational net-
work that covers North America. In the first 24 h of
integration (Fig. 17), bias and threat scores are almost
identical for the two model configurations. Essentially,
the bias curves indicate that the regional forecast model
tends to overpredict the number of events with weak
precipitation, and show the reverse for events with more
intense precipitation. This type of results for precipi-
tation is expected for this particular model (see Bélair
et al. 2000).

Objective scores for subsequent periods in the inte-
grations, that is, 12-36 (not shown) and 24-48 h (see
Fig. 18), reveal that the precipitation bias of the previous
operational model increases with time. This tendency
of the Canadian regional forecast model, which is well
documented and was observed for many years, was of -
ten hypothesized to be related to an overestimated
moistening of the boundary layer. It seemsthat the more
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FiGc. 14. Time series of (top) sensible and (bottom) latent heat fluxes
averaged over North America at 6-h intervals for al the model in-
tegrations starting at 0000 UTC during Aug 2000. Surface fluxes
from the operational and ISBA versions are represented by gray and
black lines, respectively.

realistic surface fluxes produced by the new surface sys-
tem, which lead to a warmer and drier boundary layer,
may have eliminated this increase of precipitation with
time (cf. Figs. 17 and 18).

This positive result is an excellent example of the
impact that surface fluxes may have on the evolution of
weather systems, even for short-range weather predic-
tion. Essentially, the partitioning of surface fluxes into
sensible and latent heat components greatly influences
the structure of the boundary or well-mixed layer (tem-
perature, humidity, and lifting condensation level),
which modulates the frequency and intensity of precip-
itation events, either convective or stratiform (see Betts
and Ball 1998; Eltahir 1998; Pal and Eltahir 2001). In
the present study, the larger Bowen ratio in the new
model configuration leads to awarmer (see Fig. 15) and
drier (see Fig. 16) boundary layer, which produces less
precipitation than the previous operational model. Such
an impact of surface fluxes on precipitation isin agree-
ment with several other studies, including Clark and
Arritt (1995) and Gallus and Segal (2000).

6. Summary and conclusions

This study describes the summertime improvement
resulting from the operational implementation of a new
surface assimilation and modeling system into the Ca-
nadian regional weather forecasting system. In this new
system, surface processes over land are evaluated using
the ISBA land surface scheme. Surface variables, in-
cluding soil moisture, are initialized using a sequential
assimilation technique in which model errors in low-
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Fic. 15. Objective evaluation of upper-air temperature for 18 cases of Aug 2000. Rms (K, full lines)
and bias (K, dashed lines) errors are shown for 0-, 12-, 24-, 36-, and 48-h forecasts from the operational

(gray lines) and parallel (black lines) cycles.

level air temperature and relative humidity are used to
determine assimilation increments on surface variables.

Diagnostics from the sequential assimilation cyclere-
veal that the magnitude and nature of the corrections
applied to the surface variables depend on the surface
and meteorological conditions observed over a partic-
ular region. For regions with weak meteorological ac-
tivity (i.e., no clouds and precipitation), model errors
in low-level air characteristics are more likely to be
related to an incorrect representation of surface pro-
cesses due to either erroneous initial conditions or in-
accurate parameterizations in the land surface scheme.
This type of situation was found over desert regions of
the American Southwest, where the role of the surface
assimilation was mainly to dry the upper portion of the
soil in response to a dry-down adjustment caused by
too-humid soil conditions at the beginning of the assim-
ilation cycle.

In other regions characterized by a higher frequency

and greater intensity of clouds and precipitation events,
surface corrections were mainly associated with inac-
curate atmospheric forcing. Those regions have reached
an equilibrium state, which isindependent of the surface
conditions that were arbitrarily imposed at the start of
the 4-month assimilation cycle. If we accept that, for
those regions, errors in the atmospheric forcing are
much larger than the errors associated with the repre-
sentation of surface processes, it could be possible, in
principle, to use diagnostics from the surface sequential
assimilation to objectively evaluate the quality of the
surface forcing provided by the atmospheric model (i.e.,
downwelling radiation and precipitation). The atmo-
spheric forcing ““errors”’ diagnosed by the surface as-
similation system could be compared with actual model
errors, using available precipitation and surface radia-
tion observations. An evaluation technique based on this
principle may be difficult to construct and other strat-
egies, like the use of river flow observations through
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FiG. 16. Same as Fig. 15, but for dewpoint depression (i.e.,, T — T,).

coupling of atmospheric and hydrological models, could
be more promising. But we believe this idea deserves
further attention.

Objective evaluation against observations from ra-
diosondes and surface stations shows how the new sur-
face modeling system improves the numerical prediction
of summertime weather. It was first shown that the am-
plitude of the diurnal cycle of near-surface air temper-
ature and humidity is larger with the new surface sys-
tem, in better agreement with observations. (This in-
creased amplitude of the diurnal cycle is related to sig-
nificantly larger Bowen ratios with the new system.)
This type of improvement was found to extend higher
up in the troposphere (up to 700 hPa) where cold and
humid biases were significantly reduced by introducing
the new surface system.

However, the vertical structure of the temperature and
dewpoint depression did not change significantly. Be-
cause these hiases are not constant with height in the
boundary layer, the near-surface biases are not repre-
sentative of the rest of the boundary layer. Near-surface
results indeed indicate cold and dry biasesthat represent

the new surface equilibrium state, that is, these biases
lead to soil moisture corrections of opposite signs. This
type of bias structure in the boundary layer indicates
that the treatment of vertical transport of heat and mois-
ture associated with turbulence may need to be revised.

As expected from the boundary layer results, model
precipitation was also found to be significantly influ-
enced by the new representation of surface fluxes. The
problematic increase (with integration time) of precip-
itation’s positive bias was found to be significantly re-
duced with the new system, due to the warmer and drier
boundary layer. This sensitivity of precipitation to sur-
face fluxes shows the importance of correctly repre-
senting them in atmospheric models, even for short-
range wesather forecasting.

A similar surface assimilation and modeling system
iscurrently being tested in CMC’s global medium-range
weather forecast suite. Other efforts are also underway
concerning the representation of surface—air exchanges
in CMC's atmospheric models. For instance, several
modifications to ISBA are now being considered (e.g.,
better treatment of vegetation, surface emissivity, and
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FiG. 17. (top) Bias and (bottom) threat scores for 0—24-h precip-
itation for 18 cases chosen during Aug 2000. The same proportion
of cases initialized at 0000 and 1200 UTC was used. The gray lines
with squares are for the operational runs. The black lines with circles
are for the parallel runs with ISBA.

a multilayer version). We are also planning on better
specification of surface characteristics by using higher-
resolution ancillary databases for vegetation and soil
texture and by including near-real-time remote sensing
(satellite) data for the leaf area index.

A new prototype of the surface assimilation and mod-
eling system is now being examined. This new system
would be based on offline integrations (i.e., outside the
atmospheric model) of the land surface scheme, which
would be driven by our best estimate of atmospheric
forcing (temperature, humidity, wind, downwelling ra-
diation, and precipitation), and in which various data
[i.e., surface observations, Geostationary Operational
Environmental Satellite (GOES) brightness tempera-
tures, microwave radiances] would be assimilated using
a four-dimensional assimilation scheme.
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