
A Mesoscale Analysis Method for Surface Potential

Temperature in Mountainous and Coastal Terrain

Xingxiu Deng∗and Roland Stull

University of British Columbia, Vancouver, BC

Submitted toMonthly Weather Review

April 2, 2004

∗Corresponding author address:Xingxiu Deng, Dept. of Earth & Ocean Sciences, University ofBritish Columbia,
6339 Stores Rd. Vancouver, BC, Canada V6T 1Z4. Email: xdeng@eos.ubc.ca



Abstract

A technique is developed to anisotropically spread surfaceobservations in steep

valleys, to create an objective analysis for the lowest, terrain-following model level.

The goal is to improve the mesoscale details of lowest-levelanalysis in mountain-

ous terrain, with an ultimate goal to provide better input-fields for modern numerical

weather prediction (NWP) models that can resolve the weather in individual valleys.

The method is a mother-daughter approach where the amount ofinformation trans-

ferred from one grid point (the mother) to all neighboring grid points (the daughters)

depends on terrain-height differences. The daughters become mothers and further

share information with their offspring, resulting in an iterative calculation of sharing

factors for all grid points. This allows information to follow valleys around ridges,

while reducing spread over the ridge top.

The method is further refined by including the land-sea contrasts. This is an impor-

tant refinement when large water-bodies and continents coexist in the analysis domain.

The potential temperature gradients across coastlines canbe maintained.

The newly developed approach is tested by the application toobjective analysis of

surface potential temperature over mountainous and coastal terrain in western Canada.

Analysis results from the mother-daughter method are compared with other existing

schemes via an analysis tool - the Advanced Regional Prediction System Data Assimi-

lation System (ADAS). It is found that the mother-daughter approach outperforms the

other schemes over both mountainous and coastal terrain.
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1. Introduction

Objective analysis transforms information from randomly spaced observing sites into data at reg-

ularly spaced grid-points (Krishnamurti and Bounoua 1996). It is often done by optimally com-

bining observations and a short-range forecast, called a first-guess (background), usually from a

numerical weather prediction (NWP) model. The background error covariance plays a fundamen-

tal role in the determination of the optimum weights for spreading the data. In the mountainous

terrain of western North America, many surface observationsites are located in deep valleys. Both

the surface background error covariance and representativeness of surface observations are affected

by heterogeneous terrain. Thus, the analysis of surface data is complicated by topographic features

in complex terrain.

Any kind of analysis scheme, such as optimum interpolation (OI) (Daley 1991), successive

corrections (Bratseth 1986), or 3D variational analysis (Laroche and Gauthier 1999), requires the

specification of a covariance function to model the spatial correlations of background errors. In

order to make the analysis scheme feasible, the form of theseforecast errors is usually simplified,

such as by assuming isotropy and homogeneity.

Isotropy, however, is a particularly questionable assumption for variables that are affected by

mesoscale phenomena or for analyses in mountainous regions. For this reason, flow-dependent

or anisotropic covariance models are receiving more attention. In a three-dimensional context,

flow-dependent background-error covariance models can be introduced by using isentropic ( Ben-

jamin et al. 1991) or semi-geostrophic (Desroziers 1997) coordinate transformations in the anal-

ysis increments. Flow-dependent background-error covariance can also be estimated explicitly

by Kalman-filtering (KF), or implicitly by 4D variational methods (4Dvar), or approximated

in the ensemble Kalman filter (EnKF)(Gauthier et al. 1993; Bouttier 1993; Thépaut et al. 1996;
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Houtekamer and Mitchell 1998, 2001). But KF, 4Dvar and EnKF are computationally time-

consuming. For mesoscale analysis within a grid that can resolve important valleys and ridges,

anisotropy due to topography needs to be considered in the background error covariance. In their

lower-tropospheric analyses of the Montgomery streamfunction, Lanzinger and Steinacker (1990)

incorporated anisotropic correlation structures due to orography to resolve sharp gradients across

major mountain ridges (Alps, Pyrrenees). Miller and Benjamin (1992) accounted for variable ter-

rain through both analysis variables and the analysis method. Their method uses elevation and

potential temperature differences in the correlation functions.

Present computer power allows sufficiently fine horizontal grid spacing that we can resolve

medium and small mesoscale flows within individual valleys.In fact, we need to resolve and

forecast the weather in individual valleys, because in steep mountainous terrain the valleys contain

most of the population centers, industry, outdoor recreation facilities, and transportation routes.

To this end, the Mesoscale Compressible Community (MC2) model (Benoit et al. 1997) has

been running daily for several years at the University of British Columbia (UBC). This model,

originally developed by the late André Robert and his colleagues ( Robert and Yakimiw 1986),

is based on the fully elastic, semi-implicit semi-Lagrangian model developed by Tanguay et al.

(1990). The semi-Lagrangian scheme allows one to run a fine resolution model with a large time

step. The MC2 model is one-way self-nested. Currently, the daily forecasts at UBC start with

108 km grid spacing, initialized from the Eta model analysis, and then nest down to 36 km, 12 km

, 4 km and 2 km. The two finest grids run at UBC can resolve different weather conditions in

different neighboring valleys. However, accurate high-resolution forecasts depend on accurate

and representative initial fields from which to start. To improve initial fields, research is under

way to assimilate surface observations and Eta analysis data into the fine-resolution MC2 model.

This study focuses on surface data analysis. The Advanced Regional Prediction System (ARPS;
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Xue et al. 2000) Data Assimilation System (ADAS; CAPS 1995,Brewster 1996) in ARPS5.0.0

Beta8 is used as an analysis tool. The ADAS employs successive correction method of Bratseth

(Bratseth 1986), and thus requires less computational timethan other advanced methods (i.e. KF

and 4Dvar). This advantage makes it possible to perform near real-time analysis over most part

of BC with a high resolution in the near future using moderately powerful computers available at

UBC.

British Columbia has a variety of landscapes from seashores, straits, and fjords to mountains

and valleys. Some valleys are narrow and long with kinks and twists. The need for weather data

at many sites in a valley is often not matched by the availability of weather stations. Typically,

villages are strung along the valley-floor roads and railroads, with ski resorts higher up the slopes,

and with reservoirs in tributary valleys. Even if we were lucky enough to have one surface weather-

observation station at one of the villages in the valley, itsobservations would become less and less

representative of conditions as distances increase further up or down the valley, or up the mountain

slope. Similarly, weather observations at the top of the ridge would not be representative of surface

weather in the adjacent valley.

This typical scenario stimulates the following question. In that one valley, at locations distant

from the observation station, which is the better representation of the initial state of the air: (1)

the first guess (i.e., background, from a previous high-resolution forecast), or (2) the state that

was observed from the distant station? One advantage of the first guess is that the previous, high-

resolution forecast already includes the terrain-forced mesoscale flows in a way that is dynamically

balanced along and across the valley.

An experiment to address this question would be to densely instrument the valley in question,

and determine the correlations between all the observations, and between the observations and

the first guess. However, it is likely that the conclusions from such a study would apply only to
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that one valley, and would not apply to other valleys in the same or different mountain ranges.

These other valleys have different orientations, lengths,steepness, slopes, locations near or distant

from the coast, locations near or distant from the spine of the main mountain ranges (such as the

Rocky Mountain Range and Coast Mountain Range in BC), vegetation, and latitude. While this is

conjecture worthy of future field work, it suggests that it might be risky to apply results from other

densely instrumented valleys elsewhere in the world (such as the Mesoscale Alpine Project) to the

valleys in BC.

Within the constraints of the present numerical simulationexperiments, we make a simplifying

hypothesis here that the first guess (from a modern NWP model with a fine resolution) is better than

a distant observation, in the absence of dense intra-valleyobservation data. This is the intra-valley

decorrelation assumption.

A logical extension of this hypothesis is that if there are two valleys separated by a high ridge,

and if there is an observation in only one of the valleys, thenthe first-guess in the non-instrumented

valley is likely to be a better representation of the state ofthe air than the observation from the other

side of the ridge. This is the inter-valley decorrelation assumption.

Nonetheless, one can imagine scenarios where the observation in one valley might happen to be

well correlated with the state of the air in a neighboring valley. Perhaps in quiescent synoptic con-

ditions, the air in two neighboring valleys might evolve similarly. Or during a fair-weather event

with strong solar heating causing a boundary layer that is deeper than the mountain ridge height,

the boundary-layer turbulence could gradually cause mixing between the two valleys. Or during

strong synoptic forcing, high winds and intense turbulenceover a deep portion of the lower tropo-

sphere could inject similar air into both valleys and/or homogenize the air in both. For these latter

situations, the running of the forecast model AFTER initialization will mix the air in neighboring

valleys due to resolved advection and parameterized dispersion effects, even if the initialization
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process spread the observation data only within one valley.

In our work here, the above intra-valley and inter-valley decorrelation hypotheses are realized

as an assertion that an observation from one location does not, a priori, influence the air at a dis-

tant location or a location that is separated by a high terrain. We implement these two assumptions

within the Bratseth’s scheme in the ADAS for data assimilation in complex terrain, such as western

North America. The intra-valley assumption is implementedwith a typical region-of-influence de-

fined by Gaussian drop-off with distance from the observation station, except that now the distance

is measured along the circuitous path of the valley if the valley has kinks or twists. The inter-valley

assumption is implemented with an anisotropic term that reduces spreading of the observation data

when the spreading direction moves into terrain of differing elevation.

A mother-daughter approach is proposed here to calculate the anisotropic term and the cir-

cuitous travel distance. In the mother-daughter approach,the anisotropic term is called ”sharing

factors”, namely, the degree of sharing information between an observation and grid points. For

surface data analysis in coastal terrain, the mother-daughter approach is further refined by includ-

ing the anisotropy near coastlines due to land-sea contrasts. The technique developed here can be

applied to scalar fields such as potential temperature, humidity or pollution concentration.

The paper is organized as follows. Section 2 describes the ADAS objective analysis tool,

and modifications introduced to it for this study. Section 3 reviews basic concepts of atmo-

spheric boundary layers in the mountains. The mother-daughter approach, proposed to generate

anisotropic correlation functions of the background error, is presented in section 4. Numerical

experiments are given in section 5. Finally, in section 6, wedemonstrate characteristics and advan-

tages of the mother-daughter approach over two other existing schemes by applying it to surface

potential temperature analysis for two cases. Computational cost and sensitivity of analysis to the

free parameters in the mother-daughter approach are also examined. Summary and discussions are
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given in section 7.

2. The analysis tool

a. General description

The ARPS (Xue et al. 2000) Data Assimilation System (ADAS; CAPS 1995, Brewster 1996)

was developed by the Center for Analysis and Prediction of Storms (CAPS) at the University of

Oklahoma. The ADAS is a 3-dimensional mesoscale analysis system that ingests and analyzes

meteorological data coming from different observational sources, i.e. single-level observations

(typically surface observations) and multiple-level observations such as upper-air soundings. An

ADAS surface-only analysis can be performed quite efficiently. The ADAS is easy to be im-

plemented. More importantly, the ADAS is attractive for high-resolution analysis as it performs

analysis on model levels, rather than on pressure levels.

The ADAS combines observations with a background (first-guess) field by using the successive-

correction method of Bratseth (1986), which gives an analysis that converges to optimum interpola-

tion (OI) (Daley 1991) analysis. Like the OI scheme, the Bratseth scheme accounts for the relative

error between the observations and the first-guess. Different from the OI scheme, this scheme

works in an iterative fashion without the inversion of largematrices. Hence, this scheme requires

less computer time and memory compared to the OI scheme. In the unmodified version of the

ADAS, the spatial correlations of the background errors aremodeled as Gaussian.

Although relatively new, the ADAS has been gaining a wide usage in research and quasi-

operational/operational forecasting. Research applications of the ADAS in northwest Utah for a

strong cold-front passage (Ciliberti et al. 1999) and sensitivity experiments (Ciliberti and Horel

2000) have shown that realistic local and mesoscale structures could be analyzed with aid of local
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data. Operational applications include short-range weather forecasting support over east-central

Florida (Case and Manobianco 2002), weather support for the2002 Winter Olympics (Horel et al.

2002a), and near-real-time applications to complex terrain in the western U.S. (Lazarus et al. 2002).

For applications in complex terrain, Lazarus et al. (2002) introduced a terrain factor for surface data

to the ADAS. This idea has further been expanded for all 3D data (i.e., surface and sounding data)

in a newer version (in ARPS5.1.0) of the ADAS (personal communication). The terrain factor only

affects the analysis in the free atmosphere.

b. Modifications

i. ADAS vs. MC2 grids

In this study, the Mesoscale Compressible Community (MC2) model (Benoit et al. 1997) is run

to provide first-guess fields. For better analysis quality, the first-guess fields are not mapped to the

ADAS grid. Instead, the analysis is performed on the MC2 grid. Therefore, changes are made to

allow the ADAS to directly use first-guess fields from the MC2 model output.

ii. Quality control

For surface observations, quality control of the ADAS includes climatological checks, tempo-

ral checks, horizontal consistency checks and observation-difference to background checks. The

Barnes technique is used in horizontal consistency checks.An observation is flagged if the differ-

ence between the raw observed value and the value estimated by its nearby stations is greater than

the expected Barnes analysis error or an error threshold, whichever is larger.

For case studies using virtual observations (see section 6a), no quality control is needed. For

case studies with real observations (see section 6b), a number of issues reduces the effectiveness of
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some of the standard quality-control algorithms. First, the standard ADAS trilinear interpolation

introduces large extrapolation errors in steep terrain, where the surface stations in the valleys are

usually far below the lowest model level. The trilinear interpolation also introduces large inter-

polation errors in steep terrain by introducing “free atmosphere” background values, as noted in

Lazarus et al. (2002). The latter particularly applies to surface stations at the top of the mountain

ridge that are usually above the lowest model level. For these reasons, we reduce the interpola-

tion to bilinear when the first-guess fields are interpolatedto the observation locations. Also, the

observation-difference to background checks and horizontal consistency checks are turned off for

the following reasons. In complex terrain, observation-difference to background might be large

due to a discrepancy between the actual station elevation and the model grid-point elevation, rather

than due to bad quality of the surface observation. Also, Barnes technique doesn’t work well

for quality control of fine-resolution data in complex terrain, because any one surface observation

might not be represented well by its nearby observations measured at different elevations or even

on the opposite side of a mountain range.

Because the objective quality-control methods are problematic in steep mountains, we instead

do subjective examinations on observation minus background residuals (not shown). Future work

will be done to design and implement new objective horizontal consistency checks based on opti-

mum interpolation with consideration of realistic complexterrain and land-sea contrasts.

iii. Anisotropic correlation function

The Bratseth scheme employed in the ADAS works in an iterative fashion, updating the first-

guess fields using the difference between the observed values and observational estimates derived

from the analysis. Refer to CAPS (1995) and Lazarus et al. (2002) for more details. The optimum

weights in the Bratseth method rely on the form of the correlation (ρ) of the background errors
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(and the ratio of the observation error variance to background error variance). Over relatively

flat terrain, a Gaussian function [G(d)] is frequently used to smoothly reduce the correlation with

distance (d), causing the impact of a single observation to be isotropicin the grid space around the

observation [ρ(d) ∝ G(d)].

In mountainous terrain, the Gaussian drop-off would be a function of the circuitous travel

distance (s, explained in section 4) within the valley air mass between the observation and an

analysis point [ρ(s) ∝ G(s)]. As discussed in section 1, the observation would also become less

representative of conditions as the spreading direction moves into terrain of differing elevation or

into a neighboring valley on the other side of a mountain range. Hence, the correlation should be

weighted by an anisotropic term (S) that is a function of the difference between terrain heightof

the observation (Zo) and terrain height of the analysis point (Zd). By separating the horizontal and

vertical effects into two factors, a correlation of the background error can be written

ρ(s) = G(s) · S(Zo, Zd) (1)

One approach for anisotropic objective analysis is to utilize valley masks, within which valley-

floor observations can be spread. However, the definition of avalley mask based on terrain eleva-

tion alone is problematic, because in steep terrain, a valley floor in one part of the forecast domain

might be higher that the ridge top in another. What is needed is a mask based on terrain eleva-

tions relative to the observation point, regardless of whether the observation is in a valley or on a

mountain slope or ridge top. Also, the word “mask” implies anon/off situation. However, a better

approach is to have the observation-increment weight gradually fade to zero as one moves to grid

points that are further from the elevation of the observation site, given the uncertainties in bound-

ary layer characterization. The mother-daughter approach, described in section 4, is a convenient,
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iterative way, to generate these stencils of GP weights for each observation station, based on basic

boundary-layer characteristics.

A mother-daughter (MD) approach, described in section 4, isproposed as a convenient, iter-

ative way, to generate the anisotropic term (S) for each observation station. The MD approach

also yields circuitous travel distances (s) from each station to grid points as a by-product. This

approach is based on first-order boundary-layer characteristics in mountains, described next.

3. Topographic anisotropy and boundary layers

a. First-order boundary-layer characteristics in the mountains

Boundary layers (BL) always contain air of colder potentialtemperature than the air higher in the

free atmosphere (FA), because the troposphere is stably stratified on average (Stull 1988, 2000).

Between the BL and the FA is usually a strongly stable layer ortemperature inversion that caps the

BL. Trapped in the BL below this cap are pollutants, humidity, and heat released from the surface.

Even momentum deficits (subgeostrophic wind speeds due to drag against the ground) are found in

the BL, while near-geostrophic winds are found above. At night under clear skies in anticyclonic

conditions, this BL cap (on the top of the residual layer) is augmented by an additional stable layer

near the ground, making the flow even more stratified.

In steep mountainous terrain such as in western Canada and USA, the heights of the mountains

and ridges above the valley floors are frequently the same order as the BL heights. To zeroth order

(neglecting anabatic, katabatic, mountain, valley flows, mountain waves and Bernoulli effects), the

turbulent and advective communication of physical, dynamic, and chemical states between one

valley and the next depends greatly on whether the BL is shallower or deeper than the surrounding

ridge heights. In some situations the BL is shallow, such as near the Pacific Northwest coast where
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shallow marine BLs flow eastward into fjords and valleys, or during winter when cold shallow air

masses from northern Canada sweep southwestward into central British Columbia, Canada, and

Washington, USA. For this situation, tracers emitted into the BL of one valley are unlikely to reach

neighboring valleys, due to blocking by the mountains. In other situations, such as away from the

coast in summer, the BLs can be much deeper than the ridge heights, and BL air can mix between

neighboring valleys.

Moving to first-order characteristics, the BL top (zi) is often not level over complex terrain.

Stull (1992) identified four archetypical BL-top characteristics (Figure 1), each of which has been

observed in the mountains. Hydrostatic effects tend to makea level BL-top (Figure 1c), much

like the ocean surface which is level in spite of undersea mounts and trenches. Counteracting the

leveling tendencies are processes including entrainment of air at the BL top, advection, and inertia,

which tend to make a terrain-following top (Figure 1b). Anabatic circulations in the morning, and

venting effects at other times of day, can cause the BL top to exaggerate the topographic relief

(Figure 1a), while some Bernoulli and mountain-wave effects can cause contra-terrain following

(Figure 1d). The reader is referred to Stull (1992) for a similarity-theory analysis of the competing

factors, but for our work here, we will focus on the level and the terrain-following cases (Figure 2)

in steep terrain.

BL parameterizations in most operational NWP models are usually based on theories developed

for flat prairies, and do not adequately capture the variations in BL top for shallow BLs in steep

mountainous terrain. Thus, we cannot assume that BL-levelness information will be available from

the first-guess fields for use during data assimilation. Nor are sounding observations of BL depth

usually available that are co-located with every surface weather station. To compensate for this

lack of information, we develop a background-error correlation (ρ) parameterization that includes

weighting factors for both level and terrain-following BL effects. Namely, define the evolution of
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the sharing factor (the anisotropic termS in equation (1)) during one iteration by

Sod(ν + 1) = Som(ν) · WTFBL(ν + 1, ν) · WLTBL(ν + 1) (2)

where subscripto represents the observation, subscriptsm andd represent an analysis grid point

and its neighboring grid point, andW represents the portion of the sharing factor associated with

terrain-following boundary layers (TFBL) or level-top boundary layers (LTBL).

[Figure 1 about here.]

b. Parameterization of terrain-following and level-top boundary-layer contributions

Let Zm be terrain elevation of a surface grid point (GP), andZd be the terrain elevation at a neigh-

boring grid point. Approximate the terrain-following BL effects on the sharing factor, from one

grid point (m) during iterationν to a neighboring grid point (d) (of possibly different elevation) at

iterationν + 1 , by:

WTFBL(ν + 1, ν) = 1 −

[

|Zm(ν) − Zd(ν + 1)|

zref1

]a
(3)

for |Zm(ν) − Zd(ν + 1)| < zref1, otherwiseWTFBL = 0. The terrain-following BL-depth

parameter is approximated by a constantzref1, while parametera controls the decorrelation rate.

To illustrate how this works in one dimension, suppose that the BL-depth parameter iszref1 =

1 km anda = 1. Also suppose that the weather station is co-located with a model GP at the base of

linearly-sloping terrain (Figure 2a) such that each successive daughter GP is higher up the slope:

z(ν) = 0, 0.5, 1.0, 1.5 km ... forν = 0, 1, 2, 3, ... . The resulting sequence of weights from (3) is:

WTFBL = 0.5, 0.5, and 0.5. But these weights accumulate multiplicatively via the iteration as in
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(2). Hence, if consider only terrain-following effects fornow, the sharing factors are:S(0) = 1 ,

S(1) = 0.5, S(2) = 0.25 , andS(3) = 0.125. Namely, the grid point atZ = 1.5 km has nonzero

sharing factorS(3) = 0.125 , even though the BL is only 1 km thick. This approximates the effect

of a terrain-following BL where turbulence can mix smaller portions of valley variables further up

the mountain slope.

Similarly, we can define a level-top boundary-layer weight by:

WLTBL(ν + 1) = 1 −

[

|Zo − Zd(ν + 1)|

zref2

]b
(4)

for |Zo − Zd(ν + 1)| < zref2, otherwiseWLTBL = 0. The level-top BL-depth parameter is

approximated by a constantzref2, while parameterb controls the decorrelation rate.

To illustrate how this works in one dimension (Figure 2b), suppose that the BL-depth parameter

is zref2 =1 km andb = 1, with the same sloping grid points as in the previous example. The

resulting sequence of weights from (4) is:WLTBL = 0.5, 0., and 0. But these weights accumulate

multiplicatively for each iteration (i.e., for each successive grid point). Hence, if neglect the terrain-

following effects for now, the sharing factors are:S(0) = 1 , S(1) = 0.5,S(2) = 0. , andS(3) =

0. Namely, the grid point atZ = 1.5 km has zero sharing factorS(3) = 0 , because it is above

the top of the 1 km thick BL. At all higher-elevation grid points, the sharing factor is also zero,

because those points higher on the mountain slope are assumed to be in a different air mass than

that of the weather station in the valley.

These illustrations are quite primitive, but they capture some basic BL characteristics in a way

that allows anisotropic error correlations to be created, as shown next.

[Figure 2 about here.]
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4. Mother-daughter (MD) approach for spreading data

a. General concept

The degree of sharing information between one observation and the analysis points is called “shar-

ing factor”, which has values between 0 and 1. Let subscriptm represent a grid point (called the

mother grid point), and subscriptd represent a neighboring grid point (called the daughter grid

point). The MD approach can be expressed by the following iterative equation for the sharing

factorSod, given one observation with an elevation ofZo:

Sod(ν + 1) =Som(ν)

{

1 −

[

|Zm(ν) − Zd(ν + 1)|

zref1

]a
}{

1 −

[

|Zo − Zd(ν + 1)|

zref2

]b
}

if |Zm(ν) − Zd(ν + 1)| < zref1 and |Zo − Zd(ν + 1)| < zref2

(5a)

Sod(ν + 1) =0 if |Zm(ν) − Zd(ν + 1)| ≥ zref1 or |Zo − Zd(ν + 1)| ≥ zref2 (5b)

whereν is iteration counter.Z is terrain elevation, anda, b, zref1, zref2 are free parameters. The

amount of information that a mother (indicated by subscriptm) transfers to each of her daughters

(indicated by subscriptd) is reduced by the terrain height difference between them. The iteration

starts withSom(ν) = 1 atν = 0, which indicates the surface observation.

In the MD approach designed here, the surface observation istreated as the first mother, who

has eight daughters, one at each of her neighboring grid points. This is the first iteration (ν =

1). The sharing factors for these eight daughter grid points around the observation are calculated

according to equation (5). Namely, equation (5) is applied to every pair of the mother GP and

each of her neighboring daughter grid points. Also, the straight-line horizontal distances from the

mother GP to each of her eight daughter grid points are calculated. The circuitous travel distance
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(s) between the observation and a neighboring daughter GP, after the first iteration, is equal to the

straight-line horizontal distance if the sharing factor atthat daughter GP is not zero. In the case of

zero sharing factor, the circuitous travel distance is infinity (i.e., the observation has no influence

on the GP). Then every daughter becomes a mother and has her own daughters around her, and so

on, as illustrated in more detail below. From the second iteration and so on, the determination of

the circuitous travel distance between the observation andone daughter GP needs one to track each

successive mother GP that contribute the most to the sharingfactor at that daughter GP. Figure??

shows schematically the circuitous travel distance (s) between the observation location ”O” and

the grid point ”D” after the third iteration. For the daughter GP ”D”, each successive mother is

the observation point ”O”, the GP ”A” and ”B”. Also, the way tocalculate the circuitous travel

distance from the observation to the analysis GP is illustrated below.

[Figure 3 about here.]

For illustration, consider a surface observation that happens to lie directly on a model GP as

indicated by a solid triangle in a hypothetical valley (Valley A in Figure 5), modeled with horizontal

grid spacing of∆x = ∆y = 3 km. Initially, the sharing factor is 1.0 at the observationlocation, and

zero everywhere else (see left panel of Figure 4a). Similarly, circuitous travel distance is initialized

to be 0 km at the observation point, and infinity at all other grid points (see right panel of Figure

4a). Sharing factors at all other grid points are generated iteratively via the MD approach.

Figure 4b shows the sharing factors and the circuitous travel distances after the first iteration,

for this illustration. The circuitous travel distance for adaughter GP remains infinity if the sharing

factor at that point is 0. Thus, for the GP atx = 8 andy = 5 in Figure 4b, the circuitous travel

distance from the surface observation is still infinity, even though the traditional horizontal distance

between the observation and the GP is 3 km. Between the observation station and the GP atx = 6
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andy = 6, the circuitous travel distance (s) is equal to the straight-line distance (d).

In the second iteration, each of these eight daughters becomes a mother and has her own daugh-

ters around her. As a result, there are 24 (8+16) daughter grid points afterν = 2. Around a daughter

GP, there might be several mothers who contribute information to that daughter GP. Thus, sharing

factors received at that daughter GP have different values from different mothers around it. The

biggest sharing factor (among all values from different mothers and the value from the previous

iteration) is kept. The results afterν = 2 are illustrated in Figure 4c.

This process is repeated until|Sod(ν + 1) − Sod(ν)| < 0.01 for all grid points. The sharing

factors (Sod) and the circuitous travel distances (s) after convergence are used in equation (1) to

determine the anisotropic correlation function (ρ(s)) of the background error. The end result, for

this one station in this hypothetical valley, is shown in Figure 5.

For further illustration look at the GP atx = 6 andy = 5 in Figure 4. After the first itera-

tion (ν = 1), the sharing factor and the circuitous travel distance at that point is 0.31 and 3 km,

respectively (see Figure 1b). Obviously, the sharing factor at that GP comes from the contribution

of the first mother (i.e., the observation). After the seconditeration (ν = 2), the sharing factor

(the circuitous travel distance) atx = 6 andy = 5 becomes 0.38 (7.2 km). Now the sharing

factor at that point comes from the contribution of a second-generation mother GP atx = 6 and

y = 4. The circuitous travel distance (s = 7.2 km) is now the sum of the straight-line distance

(4.2 km) between the observation and the second-generationmother GP atx = 6 andy = 4 and

the straight-line distance (3 km) between the second-generation mother GP (x = 6, y = 4) and the

target GP (x = 6, y = 5). This is why we calls the circuitous travel distance from the observation

station to an analysis GP.

[Figure 4 about here.]
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The parametersa andb in equation (5) control the magnitude of sharing-factor reduction by the

terrain-height difference between the mother and daughtergrid points, as affected by boundary-

layer dynamics (see section 3). Asa andb are reduced from 4 toward 1, the sharing factors decrease

more quickly due to terrain-height differences, and hence the greater are the terrain effects on the

analysis. Asa andb increase from 1 toward 4, the terrain effects are reduced. The optimum values

of a, b, zref1 andzref2 can be obtained by analyzing a subset of the available observations, and

verifying against the remaining observations, assuming a dense observation network. These free

parameters can also be determined by trial-and-error methods. For the case studies in this paper,

both a and b are taken as 2 (an intermediate value); both zref1 and zref2 are taken as 750 m,

as explained in section 6a. Given a surface observation network and an analysis domain, terrain

heights of the observation stations and the grid points are known. The sharing factors and the

circuitous travel distances for each of the observation stations are determined. The results are

saved as a fixed file, and can be applied unchanged for each day’s analysis to determine correlation

of the background error in the Bratseth scheme employed in the ADAS. If a new surface station

is added later on to the observation network, the sharing factors for that observation station needs

to be calculated and appended to the fixed file. Although theseresults are incorporated into the

ADAS in this study, the main ideas can be used in any objectiveanalysis scheme in which the

background error correlations depend on observation-point to grid-point distances.

Figure 5 illustrates the sharing factors after Gaussian drop-off with standard deviation of 30 km

(i.e., ρ(s)) and the circuitous travel distance (s) from one surface observation in the Valley A of

a synthetic terrain environment. The information of the observation is spread along the Valley A

where the observation is located. The valley B, disconnected with the Valley A, is unaffected, even

though it is relatively close to the observation.
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[Figure 5 about here.]

b. Refinement for coastal terrain

The above-described mother-daughter approach is developed for surface analysis in mountainous

regions. Southwestern British Columbia (BC) Canada is famous for its complex terrain. Further-

more, the landscape is complicated by straits, fjords and oceans in coastal areas of southwestern

BC, where a thermal contrast between the land and the ocean orthe strait drives a sea-breeze

circulation. The sea-breeze contributes to the recirculation and trapping of air pollution.

To maintain atmospheric thermal gradients across coastlines, the anisotropy due to the land-sea

contrasts needs to be taken into account during the analysis. Hessler (1984) considered land-sea

contrasts by estimating correlation functions for two groups in a surface temperature analysis near

the Baltic Sea. One group describes correlations between pairs of sea stations or pairs of land

stations using the analytic form ofexp(−0.08d0.13)cos(0.4d), the other represents correlations

between sea and land stations using a different analytic form of exp(−0.29d0.06)cos(0.2d). Both

analytic forms were derived from statistics.

An extra factor is added here in the mother-daughter approach to account for anisotropy due to

the land-sea contrasts. The sharing factor (S) is now expressed as:

SLS
od (ν + 1) =SLS

om(ν)

{

1 −

[

|Zm(ν) − Zd(ν + 1)|

zref1

]a
}{

1 −

[

|Zo − Zd(ν + 1)|

zref2

]b
}

·

{

1 −
|LSo − LSd(ν + 1)|

KLS

} (6)

for |Zm(ν)−Zd(ν +1)| < zref1 and|Zo−Zd(ν +1)| < zref2, otherwiseSod(ν +1) = 0. LSo is

land-sea mask at the observation location (equal to one for aland observation and zero for a water
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observation).LSd represents land-sea mask at a daughter GP, averaged over thenine grid points

immediately around and including the daughter GP. The nine-point averaged value instead of the

exact value at the daughter GP is used to allow a gradual transition of the sharing factors across the

coastlines.KLS is a coefficient to control the degree of the decorrelation between the land stations

and the analysis points over water or between the water stations and the analysis points over land.

KLS was set to 1.0 subjectively for the case studies in section 6b. For strong sea-breeze events,

KLS should probably be greater than 1.0. The inclusion of land-sea contrasts here is crude, but

the way in which land-sea contrasts are added is simple and can be easily incorporated into any

correlation function that lacks anisotropy due to land-seaor land-lake contrasts.

Physically, during a sea-breeze period, the marine air willadvect over land. Therefore, the

water observations will represent the air over land and the land observations should only influence

grid points to the sea-breeze front. During a land-breeze period, the reverse holds true. The position

of a land-breeze (sea-breeze) front varies with time of the day. Determining the position of a

land-breeze (sea-breeze) front requires that a new sharing-factor stencil be calculated during every

analysis time. This will be very time-consuming and hard foroperational runs using moderately

powerful computers. For this reason, a more physically based land-sea mask is not explored here.

Sharing factors from the mother-daughter approach, both before and after shoreline refinement,

are illustrated in Figure 6 for two observations over the real terrain of Vancouver, Canada, and its

surroundings. One observation is on land in the Lower FraserValley and the other is on water over

the Georgia Strait. After refinement, the information from aland (water) observation is spread

mostly within land (water) area. This is a desired feature assurface observations over land (water)

might not represent near-surface air over water (land).

[Figure 6 about here.]
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5. Numerical experiments

[Table 1 about here.]

Four assimilation experiments (see Table 1) are performed for comparison purposes. GAUSS is

an existing scheme of the ADAS in ARPS5.0.0 Beta8. It accounts for terrain effects by introducing

a Gaussian function of terrain-height difference (∆z) between the grid point and the observation lo-

cation, in addition to the normal horizontal Gaussian decayto define the region of influence (ROI).

For experiment TERRDIFF, the method proposed by Miller and Benjamin (1992) is added to the

ADAS. Note the function used here is slightly different fromtheir original correlation function

(exp(− |d|2 /2r2)/(1 + Kz · |∆z|2), r = 300 km, Kz = 7 × 10−7 m−2) for potential temperature.

To account for terrain effects on analysis increments, experiment MD employs the sharing

factors from the mother-daughter approach (see section 4a)to replace the Gaussian term of terrain-

height difference in GAUSS. Experiment MD further differs from experiment GAUSS and TERRDIFF

in that the circuitous travel distance (s) from the mother-daughter approach, rather than conven-

tional horizontal distance (d), is used in the horizontal part of the correlation function. Use of the

circuitous travel distance effectively limits the ROI in complex terrain. This method allows infor-

mation from the surface observations in the valleys to follow the valleys around the ridges, while

reducing spread over the ridge top. Experiment MDLSMG is the same as experiment MD except

that the anisotropy of land-sea contrasts is included in thesharing factors (see section 4b).

Unless stated specifically, the horizontal ROI (Rh) in this study was set to 90 km for the first

and second Bratseth passes, 60 km for the third pass, and 30 kmfor the fourth and fifth passes.
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6. Case studies

The utility of the mother-daughter approach (both before and after shoreline refinement) is demon-

strated below in its application to surface potential temperature analyses for two regions. Virtual

(real) observations are used for the complex terrain (coastal terrain) region in southwestern BC

Canada.

a. Virtual observations

To simplify the problem and avoid complexity added by observations at the first stage, “fraternal-

twin” experiments are used to evaluate impact of the mother-daughter approach on surface poten-

tial temperature analysis in complex terrain. The fraternal-twin experiment is one where the “truth

model” and the “analysis model” are similar but not identical (see Arnold and Dey 1986). The

truth model is first integrated 12 hours to generate a reference atmosphere, called the “truth at-

mosphere” here, from which simulated surface observationsare extracted. To generate a different

first-guess field, the analysis model is integrated 12 hours forward with the same boundary condi-

tions as for the truth run and perturbed initial conditions.Amplitudes of the added perturbations

for temperature (u-wind component, v-wind component, logarithm of pressure perturbation, spe-

cific humidity) are 5.0◦C (5.0 m s−1, 5.0 m s−1, 0.0005, 0.005 kg kg−1). In this study, the truth

model is MC2 at 2 km horizontal grid spacing, whereas the analysis model is MC2 at 3 km with

radiation turned off to purposely introduce errors relative to the truth. The initial fields and bound-

ary conditions for both simulations (i.e., truth and analysis) come from the output of an MC2 4 km

run (Figure 7). The analyses are performed on the 3 km grid. The grid spacing is chosen so that

the important ridges and valleys can be resolved, but computational costs are not too expensive.

A dynamic initialization algorithm that is built into the MC2 model is activated for 3 km run to
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remove spurious gravity waves excited by the added perturbations.

[Figure 7 about here.]

The fraternal-twin experiment is performed for the 7-8 March 2003 case, characterized by an

Arctic air outbreak. This case was selected to determine if episodes of cold-air pooling in valleys

could be properly analyzed.

The MC2 runs consist of five self-nested grids with horizontal grid spacings of 108 km, 36 km,

12 km, 4 km, and 2 or 3 km. The Eta model analysis and forecasts at 90.7 km grid spacing

from National Centers for Environmental Prediction (NCEP), valid at 00 UTC 7 March 2003,

are used as initial and boundary conditions for the coarsestgrid. We start from this Eta forecast

because the finer Eta grids do not extend far enough west over the Pacific to reduce upstream

boundary errors. The truth model at 2 km is started at 12UTC 7 March from output of the MC2

4 km run, and integrated 12 hours forward to generate the truth atmosphere. Simulated surface

observations (virtual observations) are then extracted from the truth atmosphere. All simulated

surface observations are assumed to be perfect, with zero observation error. The analysis model at

3 km is also started at 12UTC 7 March, but from randomly perturbed output of the MC2 4 km run,

and integrated 12 hours forward to provide a first-guess. Theanalysis is performed at the lowest

terrain-following level of the analysis model at 00UTC 8 March 2003.

Figure 8 shows six virtual surface stations, but positionedat the truth-model terrain height in

the deep valleys in the Coast Range Mountains north of Vancouver, Canada. Among them, station

o1 (elevation: 920 m) and o2 (elevation: 536 m), located in different valleys, are used for analysis,

whereas four stations (b1, b2, b3, and b4), located in the same valley as station o2, are used for

verification. The observation and verification stations areselected so that one can evaluate the

impact of an observation (i.e., o1) in a valley on the analysis in a neighboring valley. Elevations

23



for station b1, b2, b3 and b4 are 894 m, 881 m, 765 m, and 830 m, respectively. Hereafter, we

will identify the valley where station o1 is located as the Elaho River Valley, and the valley where

station o2 and the other four stations are located as the Lillooet River Valley.

[Figure 8 about here.]

i. Impact of a single surface observation in the valley

Objective analysis involves analyzing weather observations available at irregularly distributed lo-

cations onto a uniform grid, and merging the results with a background (first-guess) from a numer-

ical model forecast. Usually, the observations are not analyzed directly. Rather, a first-guess from

a NWP model forecast is subtracted from each observation to produce “observation increments”.

These observation increments are then analyzed to produce “analysis increments” (analysis de-

viations), which are then added onto the first-guess to produce the final analysis. The analysis

increments produced by a single observation reveal the characteristics of the analysis schemes.

Therefore, by examining the analysis increments produced by station o1, one can conveniently

evaluate how information from surface observations will affect grid points around it.

[Figure 9 about here.]

Figure 9 shows the impact of o1 (from Figure 8) on the grid point analyses for experiment

GAUSS, TERRDIFF and MD. The observation increment is -3.35 K. It should be pointed out

here that only one Bratseth pass is needed for the single perfect observation. From the second

Bratseth pass, the observation increment is zero. All of experiments show that the observation

mostly influences grid points in the valleys, rather than those over mountains. Experiment GAUSS

and TERRDIFF exhibit similar features. Namely, large analysis increments can be seen in valleys

that are disconnected from the one where the observation station is located, even though it is
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unlikely that both valleys would necessarily share the sameair mass. The Lillooet River Valley

where station b1 is located (see Figure 8) is such an example.These two schemes show their

drawbacks when an analysis grid point is located at the opposite side (i.e. the Lillooet River

Valley in this case) of one mountain ridge to the observationlocation. Namely, there is too much

spreading across high ridges. In experiment MD, the observation increments largely modify the

first-guess fields for those grid points in the Elaho River Valley while only slightly modifying

those in the Lillooet River Valley. The characteristics forthe three schemes are expected from

their corresponding correlation functions presented in Table 1.

ii. Impact of two surface observations in the valleys

One problem in complex terrain is the analysis at one grid point using observations from two ad-

jacent but disconnected valleys, where each valley may contain a different meteorological regime.

To further examine the behaviors of the three schemes, we consider two observations that are lo-

cated in different valleys (station o1 and o2 in Figure 8). The observation at site o1 is 3.35 K colder

than the first-guess, while the observation at site o2 is 3.36K warmer than the first-guess. Four

surface stations (station b1, b2, b3, and b4) in the LillooetRiver Valley are used to verify analysis

results.

[Figure 10 about here.]

First, only the observation at site o2 is used in the analysis. To evaluate the three schemes,

the analysis results (available at grid points) are interpolated to the four verifying stations (not co-

located in grid points) by a cubic polynomial interpolation. The root mean square error (RMSE)

between the observations and analyses at those sites are calculated. For comparison purposes,

parameters for experiment GAUSS (Rz), TERR DIFF (Kz) and MD (a, b, zref1, zref2) are
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chosen so that the three schemes produce similar analysis results in the sense of RMSE.Rz is

taken as 500 m in experiment GAUSS.Kz is taken as7.0 x 10−6 m−2 in experiment TERRDIFF.

In experiment MD, parametersa, b, zref1, zref2 are 2, 2, 750 m, 750 m, respectively. The values

of these parameters are then used throughout the text.

The RMSE for experiment GAUSS, TERRDIFF, and MD are 0.6179 K, 0.6468 K, 0.6559 K,

respectively. The RMSE for the three schemes is slightly greater than that between observations

and the first-guess, which is 0.5395 K. Analyses and first-guess versus observations for the three

schemes are shown in the left panel of Figure 10. It is evidentthat they produce similar analysis

results for the four verifying stations in the Lillooet River Valley.

Then, observations from both sites (o1 and o2 in Figure 8) areused in the analysis. The

same set of observations at site b1, b2, b3 and b4 are used again for verification. As shown in

the right panel of Figure 10, the added observation at site o1greatly deteriorates the analysis

results from experiment GAUSS and TERRDIFF. The RMSE increases to 2.1464 K for GAUSS

and 2.4380 K for TERRDIFF. However, for experiment MD, the added observation at site o1

has minor influence on the analyses of the four verifying stations, as desired because the two

valleys with observations are not strongly coupled. The slight influence from the added observation

reduces RMSE to 0.4807 K. The RMSE with two observations is reduced about 11% from the first-

guess.

As mentioned in section 5, the use of the circuitous travel distance in the MD approach effec-

tively limits the horizontal ROI in complex terrain. What happens to GAUSS and TERRDIFF

if the horizontal ROI (Rh) is simply reduced? Sensitivity tests are performed for theabove two-

observation case by varyingRh (from 100 km to 10 km every 10 km) for the first and second

Bratseth passes. For each test, the third Bratseth pass has aprescribed ROI that is reduced by 70%

from the second pass, while the fourth and fifth Bratseth passes have a ROI that is reduced by 70%
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from the third pass. The RMSE between the observations and the analyses at the four verifying

stations is shown in Figure 11. The RMSE decreases rapidly with decreasingRh for both GAUSS

and TERRDIFF, as the correction from station o1 is becoming negligible in the Lillooet River

Valley. WhenRh = 20 km, a minimum of the RMSE is found to be 0.3385 K for GAUSS and

0.4105 K for TERRDIFF. The RMSE withRh = 20 km is reduced about 37% for GAUSS and

24% for TERRDIFF from the first-guess.

[Figure 11 about here.]

iii. Impact of a single surface observation in the mountain

In complex terrain, surface observation sites are usually located in the valleys that contain most

of the population centers. There are, however, some surfacestations located in the mountains of

high elevations, such as the ones from the national ski/forest network. This subsection helps to

show how information from a high elevation observation influence the analysis of the neighboring

grid points.

Figure 12 shows impact of o3 (elevation: 1954 m) on the grid point analysis for experiment

GAUSS, TERRDIFF and MD. The observation increment is -1.56 K. For experiment GAUSS and

TERR DIFF, large analysis increments can be seen in the high mountains, whereas small analysis

increments in the valleys. In experiment MD, the observation corrects the first-guess fields for

those grid points in the slopes and the mountain ridge where station o3 is located. The spread of

the observation increment to the the neighboring valleys issuppressed. This is a desired feature

as weather observations at the top of the ridge would not be representative of surface weather

in the adjacent valleys. The grid points in the surrounding mountain ridges do not receive any

information from the observation at o3, because the sharingfactors drop to zero due to the steep
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slope when the spreading direction moves into the valleys. The grid point analyses come from

the first-guess fields in the surrounding mountain ridges or the adjacent valleys that contains no

surface observations. The quality of the analyses in data sparse regions depends on the quality of

the first-guess fields. To generate high quality forecasts incomplex terrain, a fine-resolution NWP

model (i.e.,∆x < 5 km) is needed.

[Figure 12 about here.]

b. Real observations

In addition to the case study with model-synthesized meteorology presented above, the mother-

daughter approach is tested here with real observations from the “Emergency Weather Net Canada”

in a coastal terrain region over the Georgia Basin, Canada. The landscape of this region is compli-

cated by mountains, valleys, straits and fjords. The Emergency Weather Net Canada, operated and

maintained by the Geophysical Disaster Computational Fluid Dynamics Center at University of

British Columbia (UBC), exists to archive and provide timely and comprehensive surface observa-

tions for western Canada. Hourly data sets are combined in the Emergency Weather Net from sev-

eral agencies, including the BC Ministry of Transportationand Highways (MOTH), BC Ministry

of Forests (MOF), BC Ministry of Water Land and Air Protection (WLAP), Greater Vancouver

Regional District (GVRD), Environment Canada (EC), BC Hydro (HYDR), CN rail (CNRL) and

the National Centers for Environmental Prediction (NCEP).Even though few surface stations are

currently available in complex terrain regions such as the one presented in section 6a, there are

relatively more observations over the Georgia Basin. Denseobservations provide an opportunity

for verification with independent observations. That is whywe choose to look at the Georgia Basin

for the real-observation case.
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Table 2 lists surface stations used in analysis and verification within the Georgia Basin area

(see Figure 13). Most stations are from EC. The stations withheld for verification are mostly

located near coastlines. The land-sea mask is based on model-resolved coastlines. A ratio of

the observation error variance to the background error variance is taken as 0.08 as in Miller and

Benjamin (1992).

[Figure 13 about here.]

[Table 2 about here.]

The 3-4 February 2003 case is used to illustrate if land-sea thermal contrasts could be properly

analyzed. The weather situation on 3-4 February 2003 was characterized by a strong ridge over the

Georgia Basin. The large-scale weather situation favored the formation of a land breeze at night

and a sea breeze during daytime, driven by thermal contrastsacross coastlines. Figure 14 shows the

evolution of potential temperatures for several surface stations on land and water during 00UTC-

12UTC 4 February 2003. In late afternoon at 00Z (=1600 PST), all land stations except Vancouver

INTL ARPT were slightly warmer than the water stations. After a transition period from 01Z to

03Z, all land stations were colder than water stations at night. Land-sea thermal contrast is the

most prominent in early morning at 12UTC (=0400 PST) on 4 February 2003.

[Figure 14 about here.]

The Eta model analysis and forecasts from NCEP, valid at 00UTC 3 February 2003, are used

to drive the coarsest grid (108 km horizontal grid spacing),which in turn drives grids of 36, 12

and 4 or 3 km grid spacing. The MC2 model at 3 km is run to providefirst-guess fields and

is started at 12UTC 3 February 2003 from output of MC2 4 km run.The potential temperature

analyses are performed every hour from 00UTC to 12UTC on 4 February 2003, by blending surface
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observations with first-guess fields at the lowest terrain-following model level valid at the same

time. The analysis at one hour is not incorporated into subsequent forecasts for analysis at next

hour. Therefore, each analysis is independent of past observations. Generally, eight stations are

used for analysis and eleven other stations are used for verification (see Table 2), but the available

number of stations that report observations vary with analysis time (see Table 3).

[Table 3 about here.]

Figure 15 shows time series of the first-guess and analyzed potential temperature against ob-

served potential temperature for one station over water andone over land, separately. The model

forecast from the MC2 3 km run produces a good first-guess for the station over land (White Rock)

from 03 UTC to 12 UTC on 4 February, whereas the model underpredicts potential temperatures

for the station over water (Entrance Island). Generally speaking, the analyzed potential temper-

atures from all of four experiments show more agreement withobservations than the first-guess.

Comparatively, the mother-daughter approach (both MD and MD LSMG) produces better analysis

results than GAUSS and TERRDIFF. MD LSMG is superior in maintaining thermal contrast be-

tween Entrance Island and White Rock. Figure 16 further confirms the superiority of MDLSMG,

based on the averages from three land and three water stations. The averages over three instead of

all stations are used so that the land-water contrast of observed potential temperature is obvious.

Including mountain stations in the averages make the land-water contrast very small. However,

same conclusion about the superiority of MDLSMG can be drawn based on averages from all

water stations and all land stations except mountain stations (not shown).

[Figure 15 about here.]

[Figure 16 about here.]
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To gain overall insight into how each analysis experiment improves the first-guess, it is useful

to look at a summary of the verification statistics (see Table4). The analyses from all of the four

experiments improve the first-guess (FSTG) according to bias, mean absolute error (MAE) and

normalized root mean square error (NRMSE). TERRDIFF is slightly better than GAUSS, with

smaller MAE and NRMSE. The error measures, including bias, MAE and NRMSE, consistently

indicate that MD is better than GAUSS and TERRDIFF and that the experiment MDLSMG is

the best. Percentage improvement of the RMSE over the first-guess is below 40% for GAUSS and

TERR DIFF, whereas above 50% for both MD and MDLSMG. Compared to MD, MDLSMG

gains 5% more improvement.

[Table 4 about here.]

To compare the computational efficiency of different schemes, each analysis experiment is per-

formed on one processor of a High-Performance Computing Linux Super-Cluster, with 1 GHz

Pentium III CPU. The results from a surface-only analysis at01 UTC on 4 February 2003 are

presented in Table 5. For the purpose of comparing computational efficiency, all temperature ob-

servations from Emergency Weather Net Canada available within a large domain are used. There

are 169 observations within the 3 km domain having 257 x 205 = 52685 grid points. The param-

eters used in the mother-daughter approach are:a = 2, b = 2, zref1 = 750 m,zref2 = 750 m.

The execution time for GAUSS is slightly less than that for TERR DIFF. The execution time for

the mother-daughter approach is split into two parts: (1) the time for calculating sharing factors

(which needs to be done only once for each observation site);and (2) the application of these shar-

ing factors during the analysis (which is repeated for each analysis cycle). Part (1) of the mother-

daughter approach (both MD and MDLSMG) is computationally much more expensive compared

to GAUSS and TERRDIFF, while part (2) is nearly the same as TERRDIFF. Comparatively, the
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computational cost for MDLSMG is cheaper than that for MD. Adding land-water contrasts in

the mother-daughter approach limits the region of influenceand hence speeds convergence of the

algorithm. The timing for part (1) is done for each observation without limiting the observation’s

influence region. Thus, the computational costs are affected by the domain size. To eliminate the

effect of the domain size on the computational costs, the sharing factors are calculated within an

influence region (a square here) of the observation. The radius of the circle inscribed in the square

was set to 300 km that is slightly greater than 273.14 km calculated in the ADAS based onRh at

the first pass. After limiting the observation’s influence region, the execution time for calculating

the sharing factors are reduced for both MD (about 36.5%) andMD LSMG (about 33%) (see item

(?) in Table 5). Once the free parameters (a, b, zref1, zref2) in the mother-daughter program are

determined, the resulting map of sharing factors can be saved as a fixed file, and can be applied

unchanged as a fast-running stencil for each day’s analysis.

[Table 5 about here.]

c. Sensitivity tests

As mentioned before, the mother-daughter approach has fourfree parameters (a, b, zref1 and

zref2). The optimum values of these parameters can be determined by analyzing a subset of the

available observations, and verifying against the remaining observations, assuming a dense obser-

vation network. For the real-observation case presented above, the observations available in the

Georgia Basin area are dense enough for this purpose. In thissubsection, we test the sensitivity of

the mother-daughter approach after coastline refinement todifferent values of free parameters for

the same case presented above. The number of observations for analysis and verification remains

the same as in section 6b. The optimum values of the four free parameters might depend on sea-
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sons, geographic regions and weather. This single case presented below is not sufficient enough to

determine the optimum values. However, it does serve to showhow sensitive the parameters could

be.

First, analyses are performed by varyingzref1 and zref2 (from 250 m to 3000 m every

250 m), while holding constanta = 2 andb = 2. According to the formula for sharing factors,

the parameterszref1 andzref2 are the maximum effective height through which the influenceof

the surface observations are felt within the planetary boundary layer (PBL). The RMSE between

the verifying observations and the analyses are calculatedand normalized by the RMSE between

the observations and the first-guess, and the result is abbreviated as NRMSE . Figure 17 shows

NRMSE versuszref1 andzref2 for 00 UTC (=1600 PST) and 12 UTC (=0400 PST) on 4 Febru-

ary 2003. At both 00 UTC (late afternoon) and 12 UTC (early morning), NRMSE values are less

than 1.0 for any values ofzref1 andzref2 within the range (250 m - 3000 m). This means that

analyses agree with the observations better than the first-guess does. Generally speaking, NRMSE

is not sensitive tozref1 when zref1 is bigger than 750 m or whenzref2 < 500 m. This is

because the terrain-height difference between a mother grid point and its immediate daughter grid

points are usually small. Comparatively, NRMSE is far more sensitive tozref2 than to zref1,

aszref2 defines the maximum effective height above the observation and the terrain-height dif-

ference between the observation and the analysis grid points varies wildly. Different features at

00 UTC and 12 UTC can be seen from Figure 17. In the late afternoon (00 UTC), NRMSE shows

small sensitivity tozref1 > 750 m andzref2 > 750 m. In the early morning (12 UTC), lower

NRMSE is confined to a narrow band fromzref1 = 500 m tozref1 = 3000 m and fromzref2

= 1000 m tozref2 = 1250 m. Similar sensitivity tests for other times from 01 UTC to 11 UTC

indicate a transition at 02 UTC (not shown). The behaviors correspond to the characteristics of the

evolving PBL.
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Then, tests are performed by varyinga andb (from 0.5 to 4.0 every 0.5) for 12 UTC on 4 Febru-

ary 2003. For these experiments,zref1 = 2250 m andzref2 = 1000 m that produce minimum

NRMSE in above tests are used. As seen in Figure 18,a = 2 andb = 2 yields minimum NRMSE

values in the resulted analysis.

[Figure 17 about here.]

[Figure 18 about here.]

To show the effect of simply reducing the horizontal ROI, sensitivity tests are performed by

varying the ROI for GAUSS and TERRDIFF, as in section 6a. Figure 19 shows NRMSE versus

the ROI (Rh) used in the first and second Bratseth passes for 12 UTC on 4 February 2003. For

each test, the third Bratseth pass has a ROI that is reduced by70% from the second pass, while

the fourth and fifth Bratseth passes have a ROI that is reducedby 70% from the third pass. For

both GAUSS and TERRDIFF, the NRMSE values are less than 1.0. The NRMSE shows small

sensitivity toRh whenRh > 40 km, while relatively large sensitivity toRh whenRh < 40 km. A

minimum of NRMSE is found atRh = 20 km for GAUSS and atRh = 10 km for TERRDIFF.

Identical tests are performed for 00 UTC on 4 February 2003 and results are presented in Figure

20. Different from the results for 12 UTC,Rh = 100 km produces a minimum of NRMSE for both

GAUSS and TERRDIFF.

The sensitivity toRh for this real-observation case is much smaller than that forthe virtual-

observation case. This is reasonable, considering two observations in the two adjacent valleys were

used in the analysis for the virtual-observation case. The test results indicate that a prescribed ROI

does not work for every station and every grid point in highlyvariable terrain. A ROI that depends

on the elevation of the surface stations and the terrain heights of the analysis domain might help
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to solve the problem. In complex terrain, an effective ROI might not only depend on the average

station separation, but also depend on the geographic regions, seasons and the weather.

[Figure 19 about here.]

[Figure 20 about here.]

7. Summary and discussion

A mother-daughter approach and its refinement are describedto tackle the problem of surface

data analysis on terrain-following surfaces in mountainous and/or coastal terrain. The results (the

sharing factors and the circuitous travel distances) of themother-daughter approach are then incor-

porated into an existing analysis tool (the ARPS data assimilation system - ADAS).

For the two cases examined here, the new scheme is compared with the original scheme

(GAUSS) in the ADAS, and the scheme (TERRDIFF) developed by Miller and Benjamin (1992).

It is found that the mother-daughter approach can better account for both terrain-height differ-

ence and valley differences in the analysis of observation increments over mountainous regions.

The refined mother-daughter approach can further account for land-sea contrasts. Therefore, this

newly developed scheme is preferred to the other two existing schemes in mountainous, coastal

terrain such as southwestern British Columbia, although more case studies are needed to refine the

method.

The one-time, initial computational cost of the mother-daughter approach is more expensive

than that of either GAUSS or TERRDIFF, because of the need to calculate the mother-daughter

sharing factors. However, once the free parameters in the mother-daughter program are determined

by trial-and-error methods or by calibration against observations, and the resulting map of sharing
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factors is then saved as a fixed file, then it can be applied unchanged as a fast-running stencil for

each day’s analysis. The results from the real-observationcase might be further improved if the

land-breeze or sea-breeze frontal location is used to definethe edges of the land mask, rather than

the actual coastline location. Physically, during a sea-breeze (land-breeze) period, the observation

on a land (water) station should only influence grid points tothe sea-breeze (land-breeze) front.

However, determining the position of a sea-breeze (land-breeze) front, either from observations

or from first-guess fields, increases the complexity, and requires that a new sharing-factor stencil

be computed every analysis. In this study, the real-data case shows encouraging results for the

mother-daughter approach, with land-water contrasts fixedat the coastlines.

Sensitivity tests on the free parameters in the mother-daughter approach are performed for

the real-data case. They are done by analyzing a subset of available observations using various

values of the free parameters, and verifying analyses against the remaining observations. It is

found that normalized root mean square errors (NRMSE) are not very sensitive tozref1 when

zref1 > 750 m, and that sensitivity of NRMSE of analyses tozref2 show a daily-cycle feature,

corresponding to the characteristics of the PBL. Optimum values of the free parameters can be

determined from sensitivity tests. However, the optimum values might be dependent on weather,

season, and topography. The results shown here suggest a possible solution to determine the free

parameters. Further experiments will be required to investigate sensitivities of analyses to the free

parameters for other times and locales.

As previously mentioned, the ultimate goal is to provide better input-fields for fine-resolution

numerical weather prediction (NWP) models. To make the improved analyses to drive MC2 model,

we plan to combine the detailed mesoscale surface analyses,from the refined mother-daughter

approach, with coarse-resolution Eta analyses from NCEP, and will compare verification statistics

against MC2 control runs driven by unmodified Eta initial conditions.
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Table 1: Experiments performed.Rh andRz are correlation length scales in the horizontal and
vertical, respectively, which define the regions of influence. dij and∆zij are direct horizontal
straight-line distance and terrain-height difference between an analysis grid point and the observa-
tion station, respectively.Kz is a coefficient.sij is the circuitous travel distance from the observa-
tion to an analysis grid point determined in the mother-daughter program (i.e., usually following
the valley). Sod is the sharing factor at an analysis grid point, which represents how much the
analysis grid point shares the observation information. Itis where terrain vs. observation height
differences are included, as previously described.SLS

od is the same asSod except that the former
is from the refined mother-daughter approach. In this study,Rh = 90 km for the first and second
iteration,Rh = 60 km for the third iteration,Rh = 30 km for the fourth and fifth iteration, during
the ADAS assimilation cycle.
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Table 2: Surface stations used for analysis and verification. Station IDs are those from the Emer-
gency Weather Net data base. For the land-sea mask, 1 stands for land and 0 corresponds to ocean
or water.

Full name Station Lat Lon Elev Agency LS Purposes
ID ( ◦N) (◦W) (m)

Port Mellon 38 49.5228 123.4822 3. WLAP 1
MT Strachan 132 49.4167 123.2000 1420. MOTH 1
Gold CK. 417 49.4472 122.4750 794. HYDR 1
Abbotsford ARPT 604 49.0333 122.3667 58. EC 1 Analysis
Saturna Island 621 48.7833 123.0500 24. EC 0
Pitt Meadows 641 49.2000 122.6833 5. EC 1
Point Atkinson CS 654 49.3333 123.2667 35. EC 0
Nanaimo ARPT 582 49.0500 123.8667 28. EC 1

Crofton 59 48.8803 123.6458 20. WLAP 0
Harmac Pacific 61 49.1353 123.8475 23. WLAP 0
Deeks Peak 117 49.5333 123.2167 1280. MOTH 1
MT Strachan Precip 138 49.4044 123.1911 1220. MOTH 1
Vancouver INTL ARPT 597 49.1833 123.1833 2. EC 1
Pam Rocks 615 49.5000 123.3000 10. EC 0 Verification
Discovery Island CS 617 49.4167 123.2333 15. EC 1
Entrance Island 620 49.2167 123.8000 3. EC 0
Sand Heads CS 671 49.1000 123.3000 15. EC 0
West Vancouver 673 49.3333 123.1833 178. EC 1
White Rock 674 49.0167 122.7667 13. EC 1

LS = Land-sea mask
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Table 3: Number of reporting stations for analysis and verification at each analysis time on 4
February 2003.

No. of stations

Time (UTC) Analysis Verification

00 8 11
01 8 11
02 8 11
03 8 11
04 4 7
05 7 11
06 6 11
07 7 11
08 7 11
09 7 11
10 7 11
11 7 11
12 7 11
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Table 4: Verification of analyzed potential temperatures interms of bias, mean absolute error
(MAE), and normalized root mean square error (NRMSE) for allreporting verification stations
during the analysis period from 00 UTC to 12 UTC on 4 February,2003. N equals number of
stations times the number of observation times. NRMSE is RMSE (root mean square error) for
each experiment normalized by the RMSE of the first-guess. Percent improvement of the RMSE
is with respect to the first-guess (FSTG).

Experiment N Bias (K) MAE(K) NRMSE(K) Percent improvement

FSTG 139 -2.6832 2.7624 1. 0.
GAUSS 139 -0.5625 1.7565 0.6610 33.90
TERR DIFF 139 -0.6401 1.6482 0.6317 36.83
MD 139 0.2344 1.3069 0.4943 50.57
MD LSMG 139 -0.0051 1.1956 0.4433 55.67
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Table 5: Execution time in seconds for each analysis experiment on one processor of a High-
Performance Computing Linux Super-Cluster. The results are obtained from a surface-only analy-
sis at 01 UTC on 4 February 2003, when 169 observations are used for analysis within a domain of
257 x 205 grid points in the horizontal. The parameters used in the mother-daughter approach are:
a = 2, b = 2, zref1 = 750 m,zref2 = 750 m. For the two MD approaches, item (1) is the one-time
set-up cost without limiting search radius, item (2) is the execution time for its application to this
test domain, item (?) is also the one-time set-up cost but with limiting search radius to 300 km.

Experiment Execution time (s)

GAUSS 22.99

TERR DIFF 28.12

MD (1) 3902.03
(2) 29.96
(?) 2476.80

MD LSMG (1) 2833.89
(2) 29.93
(?) 1897.60

48



List of Figures

1 Archetypical categories of mixed-layer-top levelness (after Stull 1992). (a) Hyper

terrain following; (b) Terrain following; (c) Level; (d) Contra-terrain following. . . 55

2 Shallow boundary layers in steep terrain, for: (a) a terrain-following boundary

layer, and (b) a level-top boundary layer blocked by mountains. White dots rep-

resent surface grid points. The lowest grid point is co-located with the surface

weather station. The iteration counter isν that coincides with each successive

daugter grid point. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 56

3 Schematic of the straight-line horizontal distance (d) and the circuitous travel dis-

tance (s) between the observation location ”O” and the grid point ”D”, after the

third iteration. The grid point ”D” received the most contribution in its sharing fac-

tor from the grid point ”B”, while the grid point ”B” receivedthe most contribution

from the grid point ”A” that received the most contribution from the observation

”O”. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4 Printed values of sharing factors (S, left panels, zeroes are not printed except when

they first appear in an iteration) and circuitous travel distance (km) (s, right panels,

infinity is not printed). (a) iteration counterν = 0; (b) ν = 1; (c) ν = 2. Darker

shading indicates higher elevations. The observation is located atx = 7 andy = 5.

Grid spacing is 3 km. The parameters used are:a = 2, b = 2, zref1 = 750 m,

zref2 = 750 m. Grid cells along the outside edge are cut off in this plot, but are

really the same size as all other grid cells. . . . . . . . . . . . . . .. . . . . . . . 58

49



5 Sharing factors (top, after a Gaussian drop-off with standard deviation of 30 km)

and the circuitous travel distance (unit: km) (bottom) for an idealized observation

in the Valley A within a horizontal domain that spans 36 km x 36km with a reso-

lution of 3 km. Terrain elevations in meters are shown by shading in the top plot.

Darker shading indicates higher elevations, with a maximumterrain-height differ-

ence of 2000 m. The observation is indicated by a solid triangle (N) at x = 7 and

y = 5. The parameters used are:a = 2, b = 2, zref1 = 750 m, zref2 = 750 m. . . 59

6 Sharing factors (solid lines) after a Gaussian drop-off with standard deviation of

90 km. The dotted lines indicate coastlines and islands. TheHA is shown by a solid

triangle (N). (a) Results from the mother-daughter approach before refinement for

an observation over land in the Lower Fraser Valley just eastof Vancouver; (b)

Same as (a), except with land-sea contrasts included. (c) Same as (a), except for

an observation over water (a location called the Georgia Strait); (d) Same as (c),

except with land-sea contrasts included. Terrain elevations in meters, shown by

gray shading, are from the smoothed terrain data used in a NWPmodel called

MC2 (see section 6) at a grid spacing of 3 km. Darker shading indicates higher

elevations, with a maximum terrain-height difference of 1217 m. The parameters

used are:a = 2, b = 2, zref1 = 750 m, zref2 = 750 m. . . . . . . . . . . . . . . 60

7 MC2 grid domains for 4 km, 3 km, 2 km. Output from 4 km providesnesting files

to initialize 2 km and 3 km runs. 2 km is run to provide a reference atmosphere to

generate virtual surface observations for analysis and verification. 3 km is run to

provide first-guess fields for analysis. . . . . . . . . . . . . . . . . .. . . . . . . 61

50



8 Virtual surface observation stations, indicated by a solid triangle (N), used in

the analysis and verification. The stations are positioned at the truth-model ter-

rain height in the Coast Mountains north of Vancouver. Station o1 (50.326◦N,

123.578◦W) is near the mouth of the Elaho River. Station o2 (50.3344◦N, 122.767◦W)

is near the town of Pemberton. Terrain elevations are from the truth model in me-

ters. Darker shading indicates higher elevations, with a maximum elevation differ-

ence of 2055 m in this figure. . . . . . . . . . . . . . . . . . . . . . . . . . . . .62

9 Analysis increments (isopleths) for potential temperature at the lowest model level

in response to a single surface potential temperature observation at station o1 indi-

cated by a solid triangle (N). Contour interval is 0.3 K. Darker shading indicates

higher elevations, with a maximum elevation difference of 1940 m, which is less

than that in Figure 8 because of the smoothed terrain used in the NWP model. (top)

GAUSS, (middle) TERRDIFF, (bottom) MD. . . . . . . . . . . . . . . . . . . . . 63

10 Analysis, indicated by a circle (�), and first-guess, indicated by a plus (+), vs.

observation. Left panel: observation at station o2 only is used in the analysis. Right

panel: observations at station o1 and o2 are used in the analysis. (top) GAUSS;

(middle) TERRDIFF; (bottom) MD. . . . . . . . . . . . . . . . . . . . . . . . . . 64

11 RMSE of analyses versus the horizontal ROI (Rh) used in the first and second

Bratseth passes. The third Bratseth pass has a ROI that is reduced by 70% from the

second pass, while the fourth and fifth Bratseth passes have aROI that is reduced

by 70% from the third pass. (top) GAUSS; (bottom) TERRDIFF. . . . . . . . . . 65

51



12 Analysis increments (isopleths) for potential temperature at the lowest model level

in response to a single surface potential temperature observation at station o3 indi-

cated by a white solid triangle. Contour interval is 0.3 K. Darker shading indicates

higher elevations in meters. (top) GAUSS, (middle) TERRDIFF, (bottom) MD. . . 66

13 The Georgia Basin area. The surface stations are shown by aplus (+), below which

is the station ID. The information of stations are given in Table 2. The bottom plot

is zoomed to the top center of the top plot. Terrain elevationin meters, indicated by

shading, are from unsmoothed terrain data resolved by the NWP model at 3 km grid

spacing. Darker shading represents higher elevations, with a maximum elevation

difference of 1374 m (upper) and 1200 m (bottom). . . . . . . . . . .. . . . . . . 67

14 Observed potential temperature (derived from observed temperature) for stations

over water (lines with open marker) and over land (lines withfilled marker) during

00 UTC-12 UTC 4 February 2003. Stations over water are Entrance Island (620,

solid line), Pam Rocks (615, dashed line), and Sand Heads CS (671, dotted line).

Stations over land are West Vancouver (673, solid line), Vancouver INTL ARPT

(597, dashed line) and White Rock (674, dotted line). Breaksin the graphs denote

periods for which no observations were reported. 00Z corresponds to 1600 PST

(late afternoon), and 12Z is 0400 PST (early morning). . . . . .. . . . . . . . . . 68

52



15 Time series of observed potential temperature and the [first-guess (FSTG) or ana-

lyzed] potential temperature from four assimilation experiments for two stations.

Observations at Entrance Island over water: dotted line with open triangles (4).

Observations at White Rock over land: dotted line with solidtriangles (N). Anal-

yses at Entrance Island: solid line with open circles (◦). Analyses at White Rock

(solid line with filled circles (•). Analyses are better when the solid lines are closer

to the respective dashed lines. . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 69

16 Time series of averaged potential temperature of three stations over water and land,

respectively. Three stations over water used for the average are Entrance Island,

Pam Rocks and Sand Heads CS. West Vancouver, Vancouver INTL ARPT and

White Rock are the three stations used for the average over land. Observations

(analyses) over water: dotted line with open triangles (4) (solid line with open

circles (◦)). Observations (analyses) over land: dotted line with solid triangles

(N) (solid line with filled circles (•)). FSTG stands for the first-guess. Closer

correspondence between the solid and dashed lines indicatea better analysis. . . . 70

17 NRMSE of analyses versuszref1 andzref2 whena=2 andb=2. Contour inter-

val is 0.025 K. (top) Late afternoon (00 UTC 4 February 2003);(bottom) Early

morning (12 UTC 4 February 2003). . . . . . . . . . . . . . . . . . . . . . . .. . 71

18 NRMSE of analyses (12 UTC 4 February 2003) versusa andb whenzref1=2250 m

andzref2=1000 m. Contour interval is 0.025 K. . . . . . . . . . . . . . . . . . . 72

53



19 NRMSE of analyses (12 UTC 4 February 2003) versus the horizontal ROI (Rh)

used in the first and second Bratseth passes. The third Bratseth pass has a ROI that

is reduced by 70% from the second pass, while the fourth and fifth Bratseth passes

have a ROI that is reduced by 70% from the third pass. (top) GAUSS; (bottom)

TERR DIFF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

20 Same as Figure 19, but for 00 UTC 4 February 2003. (top) GAUSS; (bottom)

TERR DIFF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

54



Figure 1: Archetypical categories of mixed-layer-top levelness (after Stull 1992). (a) Hyper terrain
following; (b) Terrain following; (c) Level; (d) Contra-terrain following.
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Figure 2: Shallow boundary layers in steep terrain, for: (a)a terrain-following boundary layer, and
(b) a level-top boundary layer blocked by mountains. White dots represent surface grid points.
The lowest grid point is co-located with the surface weatherstation. The iteration counter isν that
coincides with each successive daugter grid point.
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Figure 3: Schematic of the straight-line horizontal distance (d) and the circuitous travel distance
(s) between the observation location ”O” and the grid point ”D”, after the third iteration. The
grid point ”D” received the most contribution in its sharingfactor from the grid point ”B”, while
the grid point ”B” received the most contribution from the grid point ”A” that received the most
contribution from the observation ”O”.
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Figure 4: Printed values of sharing factors (S, left panels, zeroes are not printed except when
they first appear in an iteration) and circuitous travel distance (km) (s, right panels, infinity is not
printed). (a) iteration counterν = 0; (b) ν = 1; (c) ν = 2. Darker shading indicates higher
elevations. The observation is located atx = 7 andy = 5. Grid spacing is 3 km. The parameters
used are:a = 2, b = 2, zref1 = 750 m, zref2 = 750 m. Grid cells along the outside edge are cut
off in this plot, but are really the same size as all other gridcells.
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Figure 5: Sharing factors (top, after a Gaussian drop-off with standard deviation of 30 km) and the
circuitous travel distance (unit: km) (bottom) for an idealized observation in the Valley A within
a horizontal domain that spans 36 km x 36 km with a resolution of 3 km. Terrain elevations in
meters are shown by shading in the top plot. Darker shading indicates higher elevations, with a
maximum terrain-height difference of 2000 m. The observation is indicated by a solid triangle (N)
atx = 7 andy = 5. The parameters used are:a = 2, b = 2, zref1 = 750 m, zref2 = 750 m.
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Figure 6: Sharing factors (solid lines) after a Gaussian drop-off with standard deviation of 90 km.
The dotted lines indicate coastlines and islands. The HA is shown by a solid triangle (N). (a)
Results from the mother-daughter approach before refinement for an observation over land in the
Lower Fraser Valley just east of Vancouver; (b) Same as (a), except with land-sea contrasts in-
cluded. (c) Same as (a), except for an observation over water(a location called the Georgia Strait);
(d) Same as (c), except with land-sea contrasts included. Terrain elevations in meters, shown by
gray shading, are from the smoothed terrain data used in a NWPmodel called MC2 (see sec-
tion 6) at a grid spacing of 3 km. Darker shading indicates higher elevations, with a maximum
terrain-height difference of 1217 m. The parameters used are: a = 2, b = 2, zref1 = 750 m,
zref2 = 750 m.
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Figure 7: MC2 grid domains for 4 km, 3 km, 2 km. Output from 4 km provides nesting files to
initialize 2 km and 3 km runs. 2 km is run to provide a referenceatmosphere to generate virtual
surface observations for analysis and verification. 3 km is run to provide first-guess fields for
analysis.
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Figure 8: Virtual surface observation stations, indicatedby a solid triangle (N), used in the analysis
and verification. The stations are positioned at the truth-model terrain height in the Coast Moun-
tains north of Vancouver. Station o1 (50.326◦N, 123.578◦W) is near the mouth of the Elaho River.
Station o2 (50.3344◦N, 122.767◦W) is near the town of Pemberton. Terrain elevations are from
the truth model in meters. Darker shading indicates higher elevations, with a maximum elevation
difference of 2055 m in this figure.
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Figure 9: Analysis increments (isopleths) for potential temperature at the lowest model level in
response to a single surface potential temperature observation at station o1 indicated by a solid tri-
angle (N). Contour interval is 0.3 K. Darker shading indicates higher elevations, with a maximum
elevation difference of 1940 m, which is less than that in Figure 8 because of the smoothed terrain
used in the NWP model. (top) GAUSS, (middle) TERRDIFF, (bottom) MD.
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Figure 10: Analysis, indicated by a circle (�), and first-guess, indicated by a plus (+), vs. obser-
vation. Left panel: observation at station o2 only is used inthe analysis. Right panel: observations
at station o1 and o2 are used in the analysis. (top) GAUSS; (middle) TERRDIFF; (bottom) MD.
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Figure 11: RMSE of analyses versus the horizontal ROI (Rh) used in the first and second Bratseth
passes. The third Bratseth pass has a ROI that is reduced by 70% from the second pass, while
the fourth and fifth Bratseth passes have a ROI that is reducedby 70% from the third pass. (top)
GAUSS; (bottom) TERRDIFF.
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Figure 12: Analysis increments (isopleths) for potential temperature at the lowest model level in
response to a single surface potential temperature observation at station o3 indicated by a white
solid triangle. Contour interval is 0.3 K. Darker shading indicates higher elevations in meters. (top)
GAUSS, (middle) TERRDIFF, (bottom) MD.
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Figure 13: The Georgia Basin area. The surface stations are shown by a plus (+), below which is
the station ID. The information of stations are given in Table 2. The bottom plot is zoomed to the
top center of the top plot. Terrain elevation in meters, indicated by shading, are from unsmoothed
terrain data resolved by the NWP model at 3 km grid spacing. Darker shading represents higher
elevations, with a maximum elevation difference of 1374 m (upper) and 1200 m (bottom).
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Figure 14: Observed potential temperature (derived from observed temperature) for stations over
water (lines with open marker) and over land (lines with filled marker) during 00 UTC-12 UTC 4
February 2003. Stations over water are Entrance Island (620, solid line), Pam Rocks (615, dashed
line), and Sand Heads CS (671, dotted line). Stations over land are West Vancouver (673, solid
line), Vancouver INTL ARPT (597, dashed line) and White Rock(674, dotted line). Breaks in
the graphs denote periods for which no observations were reported. 00Z corresponds to 1600 PST
(late afternoon), and 12Z is 0400 PST (early morning).
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Figure 15: Time series of observed potential temperature and the [first-guess (FSTG) or analyzed]
potential temperature from four assimilation experimentsfor two stations. Observations at En-
trance Island over water: dotted line with open triangles (4). Observations at White Rock over
land: dotted line with solid triangles (N). Analyses at Entrance Island: solid line with open circles
(◦). Analyses at White Rock (solid line with filled circles (•). Analyses are better when the solid
lines are closer to the respective dashed lines.
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Figure 16: Time series of averaged potential temperature ofthree stations over water and land, re-
spectively. Three stations over water used for the average are Entrance Island, Pam Rocks and Sand
Heads CS. West Vancouver, Vancouver INTL ARPT and White Rockare the three stations used
for the average over land. Observations (analyses) over water: dotted line with open triangles (4)
(solid line with open circles (◦)). Observations (analyses) over land: dotted line with solid trian-
gles (N) (solid line with filled circles (•)). FSTG stands for the first-guess. Closer correspondence
between the solid and dashed lines indicate a better analysis.
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Figure 17: NRMSE of analyses versuszref1 andzref2 whena=2 andb=2. Contour interval
is 0.025 K. (top) Late afternoon (00 UTC 4 February 2003); (bottom) Early morning (12 UTC 4
February 2003).
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Figure 18: NRMSE of analyses (12 UTC 4 February 2003) versusa andb whenzref1=2250 m
andzref2=1000 m. Contour interval is 0.025 K.
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Figure 19: NRMSE of analyses (12 UTC 4 February 2003) versus the horizontal ROI (Rh) used
in the first and second Bratseth passes. The third Bratseth pass has a ROI that is reduced by 70%
from the second pass, while the fourth and fifth Bratseth passes have a ROI that is reduced by 70%
from the third pass. (top) GAUSS; (bottom) TERRDIFF.
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Figure 20: Same as Figure 19, but for 00 UTC 4 February 2003. (top) GAUSS; (bottom)
TERR DIFF.
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