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ABSTRACT

Model verification has traditionally relied upon in situ observations, which typically exist on a sparse network,

making nonsurface model forecast verification difficult. Given increasing model resolution, supplemental observa-

tional datasets are needed. Multiple-Doppler wind retrievals using a national network of radars provide an oppor-

tunity to assess the accuracy of wind forecasts at multiple levels, as well as verification within a three-dimensional

domain. Wind speed and direction verification results are presented for a 9-day period of forecasts from the French

Application of Research to Operations at Mesoscale-Western Mediterranean (AROME-WMED) model using

multiple-Doppler retrievals from the French Application Radar �a la M�et�eorologie Infrasynoptique (ARAMIS)

network. For the analyzed period, relationships were found that suggest that errors are not only linked to forecasted

evolution of meteorological phenomena, but are sensitive to terrain height below the analyzed level as well as me-

soscale processes. The spatial distribution of errors at initialization and forecast times shows that biases are generally

independentof locationand terrainheight at initialization, but that the impactof terrainbelow theanalysis level affects

the forecasted wind magnitude and direction over time. These comparisons illustrate that multiple-Doppler wind

retrieval measurements accurately identify model error and can serve as an invaluable dataset for model verification.

1. Introduction

Operational numerical weather prediction (NWP) con-

tinues to benefit from enhanced computing power, en-

abling higher-resolution simulations to be produced on

increasingly shorter time scales. Nonhydrostatic opera-

tional NWP is now possible with horizontal resolutions

approaching the boundary between the need for parame-

terization and the ability to explicitly resolve convective

phenomena. For example, the National Severe Storms

Laboratory (NSSL) runs operational Weather Research

and Forecasting Model (WRF) simulations covering the

continentalUnited Stateswith a 4-kmhorizontal resolution

(Skamarock et al. 2008). In Europe, the Met Office runs

a version of the Unified Model called the UKV at 1.5-km

resolution over the United Kingdom and Ireland (Lean

et al. 2011), while M�et�eo-France currently operates the

Applications of Research to Operations at Mesoscale

(AROME) model at 2.5-km resolution over all of France,

including parts of surrounding countries (Seity et al. 2011).

Increased resolution and the ability to explicitly resolve

convective phenomena enable highly detailed model out-

put and have the potential to verify and potentially improve

forecast accuracy. However, comparison of these forecasts

against available observations becomes a significant chal-

lenge. While the use of spaceborne instrument data will

likely become more prevalent in the future, model verifi-

cationhas generally been limited to the useof surface-based

observations and the sparse network of global upper-air

observations. Higher-resolution simulations accentuate the

need for dense, uniformly spaced datasets for verification,

in order to assess the accuracy of smaller-scale features

previously unresolved by lower-resolution model fore-

casts. In addition, model verification above the network

of surface-based observing stations is extremely limited.

Therefore, the availability of high-resolution 3D obser-

vational data above the ground represents a key neces-

sity in the verification of current and future numerical

weather prediction.
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Past methods of model verification have required in-

terpolation of model fields to nonuniformly spaced ob-

servation locations in order to facilitate comparison.When

assessing near-surface temperature and wind field accu-

racy, smoothing of differences inmodel surface height and

actual topography is often required (e.g., Accadia et al.

2007). In addition, model values are sometimes not ob-

served at the standard 10-m ground-based observation

height. In these cases, further interpolation is necessary,

with some studies incorporating a power-law reduction to

arrive at 10-m values (Mass et al. 2002). Interpolation in

both the horizontal and vertical, in addition to any use of

assumptions regarding boundary layer structure to retrieve

observation-levelmodel variables (e.g., Geleyn 1988),may

introduce error and inhibits direct comparison and verifi-

cation of model forecasts. Other verification techniques

have been developed to improve and evaluate NWP

forecasts more objectively than solely at grid scale. These

methods include object-oriented techniques (e.g., Ebert

and McBride 2000; Davis et al. 2009); neighborhood ver-

ification, including the ability of the model to identify

precipitation displacement, orientation, and spatial extent

(e.g., Ebert 2009; Gilleland et al. 2010); and scale de-

composition techniques. The latter approach consists of

explicit determination of scale resolution for a given NWP

model, as well as evaluation of forecast error scale de-

pendence. Such analysis is often performed with observed

precipitation fields (e.g., Harris et al. 2001; Vasic et al.

2007; Bousquet et al. 2006; Roberts and Lean 2008), but

can also be conducted with wind field data (Bousquet et al.

2008a). To conduct these types of verification experiments,

it is therefore important to obtain a sufficiently broad

network of observations, evenmore so than for traditional

point-based verification.

Options for uniform observation fields over a large do-

main are extremely limited. Remotely sensed fields offer

one possibility, such as near-surface wind data calculated

by the Advanced Scatterometer (ASCAT), on board the

Meteorological Operational-A satellite (Gelsthorpe et al.

2000). ASCAT provides data over sea surfaces with a rel-

atively high wind speed accuracy (62ms21), but with

6208 wind direction accuracy. While ASCAT provides

a uniform field of wind observations and offers an oppor-

tunity for expanded low-level model verification, the data

have a coarse temporal resolution due to the polar orbit of

the satellite and a nominal spatial resolution of 50km, well

below that of mesoscale models.

As an alternative, ground-based Doppler radars pro-

vide the desired broad spatial coverage with the advan-

tage of much higher resolution than that of spaceborne

instrumentation. Doppler radars can provide reflectivity

and polarimetric variables for precipitation forecast

verification, as well as radial velocity data, which can be

incorporated into wind field forecast verification (e.g.,

Salonen et al. 2011). Given a sufficiently dense network

of radars, multiple-Doppler syntheses can be conducted

to retrieve a three-dimensional view of the airflow.

Bousquet et al. (2008a) used multiple-Doppler synthesis

data near Paris, France, to assess the spatial orientation

and accuracy of the low-level horizontal wind field

for two case studies (a frontal passage and squall line)

modeled within a prototype version of AROME. Results

from this study show that multiple-Doppler wind fields

successfully allow for high-resolution (;1–2km) model

accuracy assessment and can serve as a viable comple-

mentary dataset for use in forecast verification techniques.

Radars used by Bousquet et al. (2008a) are part of the

French Application Radar �a la M�et�eorologie Infra-

synoptique (ARAMIS) radar network, which consists of

24 radars nationwide, and have recently been included

in a real-time, nationwide 3D wind retrieval system

(Bousquet and Tabary 2013). The availability of these

data provides an excellent opportunity for use in veri-

fication of high-resolution model output over multiple

forecast periods. While more advanced verification tech-

niques such as object-oriented and scale-based analysis

will be incorporated in the future, point verification is used

in the present study to illustrate the utility and value of the

high-resolution ARAMIS radar network.

The verification period chosen for analysis spans nine

days, from 1 to 9November 2011, withmultiple-Doppler

syntheses calculated every 15min for all of southern

France. These data were then compared to AROME-

Western Mediterranean (AROME-WMED) model fore-

casts issued every day at 0000 UTC for 48h. The analysis

period included the unique evolution of an upper-level

low into a warm-core, tropical-like cyclone that affected

the southeastern coast of France. The study was con-

ducted within the framework of the Hydrological cycle

in the Mediterranean Experiment (HyMeX), which fo-

cused on the analysis of terrain-induced high-precipitation

events in the Mediterranean basin (Ducrocq et al. 2014;

HyMeX 2013). Significant amounts of precipitation were

generated over regions of complex terrain, making the

chosen case study ideal for field campaign preparation.

Results are shown for model bias, mean absolute error

(MAE), and normalized MAE for domain-averaged

wind speed and direction for 2 km above mean sea

level (MSL) as a function of forecast lead time as well

as spatial distribution at initialization and all forecast

times. Error statistics were also produced based on

multiple-Doppler-defined wind speed categories and

regional distribution (as a function of terrain height

below or above 1 km MSL). Conclusions are drawn re-

garding error values, and potential future research and

operational applications are then discussed.
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2. Methodology

a. Case study description

During the period of 1–9 November 2011, two strong

upper-level troughs traversed southern France (Fig. 1).

Between 1 and 3 November 2011, nearly 500mm of rain

fell over southern portions of the Cevennes region of

France (Fig. 2a), as southerly flow produced continued

upslope, orographically induced convection along the

southeastern escarpment of the Massif Central elevated

terrain (near Al�es, France). The second trough gener-

ated broad regions of precipitation with accumulations

totaling more than 250mm between 3 and 6 November

2011 near the French Pyrenees, the southeastern es-

carpment of the Massif Central, and the southern Alps

(Fig. 2b). As the second upper-level trough developed

into a closed upper-level low, a Mediterranean tropical-

like cyclone, ormedicane (e.g.,Moscatello et al. 2008a,b),

was produced that affected the southeast coast of France

between 6 and 9 November 2011 with precipitation

amounts for the period reaching 200mm southeast of

Marseille, France (Fig. 2c).

b. Multiple-Doppler syntheses

An extended period of precipitation over a broad por-

tion of southern France provided an excellent opportunity

to test the use of multiple-Doppler syntheses for model

wind assessment over numerous forecast runs. These

syntheses are possible on a real-time basis using the dense

ARAMIS national French radar network and recently

FIG. 1. AROME-WMED 0000 UTC analysis wind magnitude (color) and horizontal vectors (black, every sixth vector shown) at 500 hPa

for (a)–(i) 1–9 Nov 2011.
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installed Risques Hydrom�et�eorologiques en Territoires

de Montagnes et Mediterran�eens (RHYTMME) radars

(Westrelin et al. 2012; Beck and Bousquet 2013). To-

gether, these radars provide coverage for over 90%of the

country (Beck and Bousquet 2013, Fig. 1). Volumetric

radar data are available every 15min, with a triple

pulse repetition time (PRT) scheme (Tabary et al.

2006) allowing for a maximum unambiguous Nyquist

velocity of 60m s21. A fuzzy logic algorithm (Gourley

et al. 2007) utilizes dual-polarization variables to clas-

sify and filter nonprecipitating echoes, providing clean

radial velocity fields for automated multiple-Doppler

syntheses.

Wind retrievals were conducted every 15min over the

9-day period from 1 to 9 November 2011 using the

11 southernmost ARAMIS radars. Locations of the ra-

dars in addition to dual- and multiple-Doppler coverage

for the ARAMIS network can be seen in Fig. 2 from

Bousquet and Tabary (2013). Radial velocity data were

first converted into a Cartesian grid using a Cressman

interpolation scheme (Cressman 1959), with horizontal

and vertical resolutions of 2.5 and 0.5 km, respectively.

The created grid covers a region of 8753 5003 12 km3,

centered on southern France. Figure 3 shows the mul-

tiple Doppler domain at 0000 UTC 6 November 2011,

as the upper-level trough undergoes a transition into

a cutoff low. Multiple-Doppler syntheses were created

using the Multi-Scale Chemistry Aerosol Transport

(MUSCAT) software suite (Bousquet and Chong 1998).

The reader is referred to Bousquet et al. (2008b) for

more information about data processing and opera-

tional wind field retrieval within the ARAMIS network.

For the purposes of this study, two-dimensional wind

vectors were chosen at a height of 2 kmMSL to compare

with output from model data. This height, in particular,

was chosen in order to provide sufficient radar coverage

above the ground, yet close enough to the ground to

investigate any potential topographic impacts. In addi-

tion, 2 km MSL wind syntheses are constructed from

relatively low radar elevation angles, minimizing the

vertical velocity contribution that must be removed

from the retrieved radial velocity and thus improving

accuracy. Assessment of model forecast and multiple-

Doppler synthesized winds was limited to regions where

precipitation was occurring during the period of study,

since ARAMIS radar winds generally cannot be re-

trieved in clear air. Multiple-Doppler wind vectors,

while generally accurate, can contain some error due to

their remotely sensed nature. Since wind retrievals

represent the observational truth in this study, it is

worthwhile to describe the limitations inherent in wind

syntheses. Bousquet et al. (2008b) conducted an error

assessment of ARAMIS-synthesized horizontal winds,

FIG. 2. Precipitation totals (mm) for (a) 1–3, (b) 3–6, and (c) 6–9

Nov 2011. The red and yellow stars in (c) represent the locations of

Al�es andMarseille, France, respectively, and the black box outlines

the verification domain.
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indicating that errors decrease with increasing altitude

(with bias of less than 61m s21 and RMSE of less than

2m s21 above 2 km MSL). Importantly, synthesized

wind fieldswere found to be consistentwith previous high-

resolution radar observations, showing that ARAMIS

radar data produce reliable wind retrievals. Therefore,

errors of less than61m s21 at 2 kmAGL are considered

to be negligible, and are likely nullified in this study, given

that the data are averaged over significant temporal–

spatial scales and numerous forecast runs.

c. AROME-WMED

Given the southerly, onshore flow and subsequent

orographic precipitation generated during the 1–9

November 2011 event in southern France, the AROME-

WMED model was an ideal candidate for comparison

with the multiple-Doppler syntheses and for HyMeX

campaign preparation. Similar to AROME, but designed

specifically to supportHyMeX,AROME-WMEDcovers

a geographical domain over the entire western Medi-

terranean basin, as well as Portugal, Spain, Italy, and

northernAfrica (Fig. 4a). In anticipation of HyMeX, the

AROME-WMED initialization utilizes a background

error covariance matrix that catered more toward con-

vective phenomena than that of AROME [the reader is

referred to Brousseau et al. (2011) for more information

about the operational AROMEmodel]. In addition, the

AROME-WMED initialization relies on more satellite

observations than does AROME given that much of the

domain is located over water.

Using a centered 3-h assimilation cycle, AROME-

WMED incorporates values closest in time to the analysis,

including radial velocity when precipitation is present

(Montmerle and Faccani 2009). However, the full wind

vector is not retrieved from radar data for initialization,

as only radial velocity from the nearest radar is assimi-

lated for each grid point. For more information on ini-

tialization techniques, the reader is referred to Seity

et al. (2011). Simulations are conducted every 6 h with

a forecast range of 48 h for this study, compared to the

30-h AROME. Therefore, following this forecast cycle,

data were saved every 3 h for simulations beginning at

0000 UTC 1 November until 0000 UTC 9 November

2011. In total, 33 model runs were considered, with

417 individual wind field forecasts used for comparison

with the multiple-Doppler syntheses during the 9-day

period.

Wind synthesis data from the MUSCAT software

suite are created using a Lambert II extended projection

and thus were interpolated onto the AROME-WMED

model grid, with a resolution of 0.0258 latitude 3 0.0258
longitude. The resulting dataset allowed for comparison

between model wind fields and MUSCAT syntheses at

;2.5-km resolution (Fig. 4b). Since the AROME-

WMED model does not provide height-level data,

800-hPa level winds were used as a proxy for 2 kmMSL.

Unfortunately, model levels above and below 800 hPa

are too sparsely separated to apply vertical interpolation

techniques, as this would in turn introduce more error.

However, geopotential height deviation of the 800-hPa

surface from the radar data level of 2km is minor during

the event studied (approximately 6200m). In addition,

small errors thatmay result fromadeviation of the 800-hPa

surface from 2kmMSL areminimized, since the analysis

data are created from domain-wide or multiple forecast

averages.

FIG. 3.Multiple-Doppler synthesis at 0000UTC6Nov 2011 for 2 kmMSL, showing the domain

used for model comparison. Reflectivity (dBZ) is in color and horizontal wind vectors (m s21) are

shown in black, with every fifth vector displayed. Black contours indicate topography.
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3. Analysis

The distribution of precipitation during the compari-

son period varied as a function of the upper-level trough

andmedicane locations as they affected southern France.

Figure 5 shows the number of multiple-Doppler points

retrieved between 0000 UTC 3 November and 0000 UTC

9 November 2011. Beginning on 3 November 2011, the

second upper-level trough begins to affect the multiple-

Doppler domain, and the number of points increases to

a maximum of over 30 000 after 0000 UTC 6 November

2011. Accounting for terrain blockage and areas inac-

cessible to the ARAMIS radars, 30 000 points represent

precipitation coverage over more than 60% of the

multiple-Doppler domain. As the upper-level trough

becomes cut off and weakens, the number of points falls

until the medicane makes landfall, with values increasing

to near 10 000 points on 8 November 2011.

To assess the quantitative differences between model

forecasts and multiple-Doppler syntheses, error statis-

tics for both wind speed and direction were first calcu-

lated using an average over the full analysis domain for

each forecast at each forecast hour. Bias andMAEwere

calculated (Fig. 6) to enable analysis of how AROME-

WMED handled the progression of the main upper-level

trough during the 9-day period. An error convention of

FIG. 4. (a) AROME-WMEDmodel domain (sampled at 0.058 latitude3 0.058 longitude) for
initialization at 0000 UTC 6 Nov 2011. Wind vectors are shown in black for 800 hPa. Multiple-

Doppler synthesis wind vectors are overlaid in red for 2 km MSL. Every 10th vector is shown.

(b) As in (a), but for the full AROME-WMED resolution, zoomed in on the analysis region

(every 15th vector shown). Multiple-Doppler synthesis data were only available where red

vectors are plotted.
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subtracting the multiple-Doppler data from the model

fields was adopted and is used for all statistics. For wind

direction, any differences greater than 61808 were

converted by subtracting63608 and changing the sign of

the difference. Normalized bias was calculated for the

domain-wide, average wind speed at each forecast hour

to assess the percentage error as a function of time.

Further research focused on the distribution of nor-

malized MAE as a function of location (regions with an

altitude above or below 1km MSL), as well as forecast

wind speed categories with increments of 5m s21.

With respect to bias in the wind speed forecasts, the

strength of the main upper-level trough and medicane

is underestimated as they approach southern France, re-

sulting in a negative bias for all forecast hours (Fig. 6a). Up

to 10% error can be seen in the domain-wide, averaged

normalized wind speed bias between forecast hours 9

and 30 (Fig. 7). This trend is reversed at later forecast

times (.36h), when model wind speed forecasts become

more accurate. The domain-wide, averaged normalized

wind speed biases at these forecast hours are less than 5%.

The mean absolute error (Fig. 6b) and normalized

MAE (Fig. 7) for wind speed and direction as a function

of forecast hour show a steady increase until about the

30-h forecast. After this point, the domain-wide average

MAE in both wind speed and direction remain fairly

constant at about 4.2m s21 and 288, respectively, while
the domain-wide averaged normalized MAE for wind

speed stays just above 30%. This plateau in MAE co-

incides with the same forecast times at which bias errors

improve (Fig. 6a). It is important to note that even at

initialization, the average MAE rates are 3.4m s21 and

218 and the domain-wide average normalized wind

speed MAE is 25%. These initial errors are likely asso-

ciated with a lack of observational data and/or a com-

promise (minimization) between the previous model

run used as a first guess and assimilated observations

within the AROME-WMED three-dimensional varia-

tional data assimilation (3DVAR) initialization system.

In addition, while radial velocities are used for assim-

ilation, they are screened for differences of more than

20m s21 between the model and observations, then

thinned onto a 15km3 15kmgrid in order to avoid cross-

correlation errors during initialization. Screening and

thinning are detrimental to high-resolution radial velocity

measurements and likely reduce the potential corrections

imparted to the wind field during initialization.

In addition to bias and MAE, a spatially dense and

extensive observational dataset (such as the ARAMIS

multiple-Doppler wind syntheses) provides the oppor-

tunity to analyze error characteristics in closer detail.

For example, data were analyzed as a function of to-

pography to assess the impact of elevated terrain on the

domain-wide average MAE (Fig. 8). Results initially

indicate that for both wind speed (Fig. 8a) and wind

direction (Fig. 8b), the height of the terrain has an im-

pact on the amount of error seen between the AROME-

WMED forecasts and themultiple-Doppler syntheses at

2 km MSL. For wind speed MAE in regions where the

topography is less than 1 km MSL, early forecast times

show nearly 1m s21 lower MAE than for regions where

terrain is above 1 km MSL. This discrepancy in wind

speed MAE as a function of terrain height is reduced

with increasing forecast times and, eventually, becomes

nearly identical for all topographical heights at 48 h. For

wind speed MAE in regions with terrain above 1 km

FIG. 5. Number of multiple-Doppler synthesis data points as a function of time throughout the

analysis period between 3 and 9 Nov 2011.
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AGL, the error remains relatively constant at about

4.4m s21 throughout all forecast times. However, in

order to ensure that these errors are truly a result of

location and not just elevated wind speeds over higher

terrain causing higher errors, wind speed MAE were

normalized using the domain-wide average wind speed

for regions above and below 1km MSL (Fig. 9). Normal-

ized MAE are also lower for areas where the elevation is

less than 1 km MSL, up to 36 h, with an average differ-

ence of 2%–3% error.

A Student’s t test was used to assess whether the dif-

ferences in the two different error distributions below

and above 1 km MSL are statistically significant. With

95% confidence, the t test indicated that the differences

are significant when data from all forecast hours are

used. A separate t test was calculated for the period

FIG. 6. (a) Domain-wide averaged bias and (b) mean absolute error for wind speed (dashed

line) and direction (solid line) between AROME-WMED forecasts and multiple-Doppler

syntheses at 2 km MSL. Error convention is (model 2 analysis).
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between 30 and 48 h, where the errors are nearly similar

at about 30%.Between these times, there is no statistical

significance. Therefore, wind speed error is indeed en-

hanced in areas with terrain above 1 km MSL, specifi-

cally between initialization and the 30-h forecast time. It

is possible that these differences in wind speed MAE

may be the result of wind flow perturbations caused

by rapid changes in topography or localized terrain-

induced mesoscale phenomena that may not be well

captured by AROME-WMED. Another possibility is

the topography resolution, which may differ enough

from that of the actual terrain to impede the ability to

capture small-scale orographically induced changes to

the wind field that are propagated upward to 2 kmMSL.

These errors may then be translated downstream. Fi-

nally, for some regions above 1 km MSL, the 800-hPa

surface may approach or enter the boundary layer,

where the role of turbulence and shallow convection

parameterizations in error generation at 2 kmMSL may

be more important than for terrain less than 1 km MSL.

For domain-wide average wind direction MAE as

a function of terrain height (Fig. 8b), a similar trend is

seen when compared with that of wind speed MAE.

Regions with terrain below 1km MSL have lower wind

direction MAE than areas with topography above 1 km

MSL. However, wind direction MAE at initialization

are nearly identical, with error increasing rapidly for

regions where the topography is greater than 1 kmMSL,

whileMAE increase more slowly for lower terrain. Both

regions show that wind direction MAE do not change

much after the 12-h forecast time, with the average error

for terrain below 1km AGL stabilizing near 168, and
about 228 for higher terrain. Therefore, forecast times

approaching 48 h do not see convergence of wind di-

rection MAE based on terrain, as was the case for wind

speed. Again, a Student’s t test revealed that the two

distributions of wind direction MAE are statistically

significant from one another, confirming elevated wind

direction errors for regions above 1 km AGL. Location

error of the main upper-level trough, cutoff low, and

medicane at extended forecast times may explain this

difference. As was the case for wind speed MAE based

on topography, the presence of complex terrain below

the analysis level of 2 km MSL is implicated in wind

direction MAE discrepancies.

Further analysis of error characteristics also included

the assessment of domain-wide, averaged MAE based

on observed wind speed classification (Fig. 10). Differ-

ences inMAEwere calculated for both wind speed (Fig.

10a) and wind direction (Fig. 10b) based on categories of

the observed wind speed between 10 and 25m s21, in

increments of 5m s21. Looking at the general trend in

MAE within classified wind speeds (Fig. 10a), the error

magnitude increases with increasing observed wind

speed. However, in order to get a better idea of the

MAE within classified wind speed categories, the MAE

was normalized by the domain-wide, mean wind speed

within each category (Fig. 11). The results show that the

FIG. 7. Normalized wind speed bias (dashed line) and normalized wind speedMAE (solid line)

between AROME-WMED forecasts and multiple-Doppler syntheses at 2 km MSL.
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percentage MAE increases with decreasing wind speed.

Therefore, the largest normalized MAE in wind speed

occurs where the weakest wind speeds were observed.

Up to a 50%error in normalizedMAE is observed in the

lowest wind speed category, while areas where winds are

greater than 25m s21 contain normalized MAE of less

than 20%.

To determine whether AROME-WMED errors iden-

tified as a function of normalized wind speed were truly

significant, t tests were again applied.With 95%confidence,

FIG. 8. Domain-wide averagedMAE for regions with terrain below (dashed lines) and above

(solid lines) 1 km MSL for (a) wind speed and (b) direction between AROME-WMED fore-

casts and multiple-Doppler syntheses at 2 km MSL. Error convention is (model 2 analysis).
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each category of normalized wind speed MAE was

shown to be statistically significant from the others.

Therefore, AROME-WMED indeed showed a relation

between the normalized wind speed strength and the

associated error. These errors are likely linked with the

ability to forecast different meteorological patterns.

Strong synoptic-scale temperature gradients and asso-

ciated low pressure systems will tend to have smaller

normalized wind speed MAE than regions with weaker

temperature gradients, or synoptic high pressure. How-

ever,mesoscale phenomenawill influence the error in all

wind speed categories as they can be underresolved or

poorly forecasted. Areas of synoptic high pressure may

also be more susceptible to mesoscale error. Therefore,

the ability to detect differences between sources of

synoptic and mesoscale error within the model is im-

portant. TheARAMIS radar network provides the high-

resolution, homogenous observational network necessary

to identify these scale-dependent errors.

When assessing the impact of categorizing observed

wind speed on the associated domain-averaged wind

direction MAE (Fig. 10b), an inverse relationship is

found compared with the wind speed MAE. The stron-

gest wind speed categories are associated with the

smallest amounts of wind direction MAE. For wind

speeds of less than 10m s21, wind direction MAE show

no particular trend, with errors reaching nearly 288 at

18 h. Yet, higher wind speed categories show more

moderate increases in wind directionMAE as a function

of forecast hour. Observed wind speeds greater than

25m s21 are related to wind direction MAE of less than

108 at initialization and do not exceed 148 at any fore-

cast hour.

When all forecast hours are considered together, the

Student’s t test shows that each distribution of error in

wind direction MAE is statistically significant from the

others, fortifying the findings above. However, when

analyzed separately, three periods exist where the wind

direction MAE for wind speeds less than 10m s21 show

no difference between the other distributions (at 3 h,

between 27 and 33 h, and between 42 and 48 h). There-

fore, while stronger wind categories show consistent and

significant differences in wind direction MAE, the

weakest winds are only sometimes linked to higher wind

direction MAE. However, overall, these results may

suggest that meteorological phenomena with strong

winds are likely better forecasted and influence these

statistics. In addition, regions of high pressuremay cause

particular difficulty in wind direction forecasting, and

may explain generally higher wind directionMAE values

associated with the weakest wind speeds categories.

In addition to changes in model error as a function of

forecast hour, it is informative to assess the spatial dis-

tribution of error given the complex terrain of southern

FIG. 9. Domain-wide averaged normalized wind speed MAE for regions with terrain below

(dashed line) and above (solid line) 1 km MSL for wind speed between AROME-WMED

forecasts and multiple-Doppler syntheses at 2 km MSL.
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France (Fig. 12) and the coverage of the multiple-Doppler

dataset. Data from the analysis period at 0000 UTC and

all simulation forecasts were separated to assess the

spatial distribution at initialization compared to fore-

cast lead times. The availability and distribution of

multiple-Doppler data are shown later (see Fig. 15). A

total of 25 initializations were incorporated (Fig. 13a)

with 392 different forecast times (Fig. 13b). It should be

noted that in addition to precipitation patterns and

evolution, data availability is also a function of radar

FIG. 10. Domain-wide averaged MAE for AROME-WMED (a) wind speed and (b) wind

direction compared to multiple-Doppler syntheses as a function of observed wind speed cat-

egories. Error convention is (model 2 analysis).
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location, given the need for (at least) two radars to re-

trieve the wind field. Consequently, boundaries may

appear where this limit is reached. Nevertheless, it is

clear that certain regions received greater amounts

of precipitation than others throughout the multiple-

Doppler analysis (extended periods of orographically

induced, convective precipitation over the southeastern

Massif Central are associated with the highest concen-

tration of data points).

In an effort to assess different sources of model error

and their spatial distribution, the normalized bias for

wind magnitude and wind direction bias were calculated

as point averages over all initialization times and then

for all forecasts (Figs. 14 and 15). By assessing only

initialization times, it is possible to isolate the error

produced due to the availability of unevenly distributed

and/or sparse observations as well as 3DVAR and,

therefore, deviation from the true atmospheric state

(Figs. 14a and 15a). The evolution of error resulting

from the progression of the model state can then be

assessed by looking at all forecast times together (Figs.

14b and 15b). To produce a more statistically robust

analysis, locations with fewer than 5 data points for all

initializations and 85 points for all forecasts were ex-

cluded (thresholds above these values greatly decreased

the spatial extent of the dataset).

The normalized wind magnitude bias at initialization

(Fig. 14a) shows a somewhat random error distribution,

with respect to both land and water. However, several

locations over high terrain indicate a positive normal-

ized bias of up to 30% (e.g., Massif Central and southern

Alps) when compared to other regions. Overall, the

normalized bias magnitudes are generally620% (errors

of 1–3m s21; not shown) with double these values

present in localized regions. The wind speed biases for

all forecast times (Fig. 14b) are much smoother (attrib-

utable, at least in part, to a larger sample size than at

initialization), with generally smaller errors than those

seen in the initialization, especially in regions below

1 km MSL. However, locations that do show elevated

normalized bias are situated over complex terrain, spe-

cifically with negative errors over the Massif Central,

and positive errors over the southern Alps and eastern

Pyrenees. In addition, the Massif Central undergoes the

biggest shift in normalized bias within the domain, from

about 20% to220% error from initialization to forecast

period. The best improvement occurs over low-lying

areas, in particular the western portion of the domain,

where error rates at initialization approach 30% and

during the forecast period drop to nearly 0%. Overall,

during the analysis period, the wind magnitude is gen-

erally underforecasted at 2 km MSL, with elevated ter-

rain showing a tendency for more error.

A similar error trend is found when analyzing wind

direction bias (Fig. 15). Initialization bias shows no

tendency as a function of location or terrain height (Fig.

15a), with values generally smaller than 6308. Larger
biases are, however, concentrated in localized regions.

FIG. 11. Domain-wide averaged normalized wind speedMAE for AROME-WMED compared

to multiple-Doppler syntheses as a function of observed wind speed categories.

APRIL 2014 BECK ET AL . 343

Unauthenticated | Downloaded 09/03/21 07:13 AM UTC



Wind direction biases during all forecast hours (Fig.

15b) show a smoother error field than at initialization (as

was the case with wind magnitude bias) with smaller

errors, generally less than 6208 over the whole domain.

In particular, errors areminimized over elevations below

500m MSL. Wind direction biases appear to be affected

by certain regions of terrain, with positive wind direc-

tion biases associated with regions near the southwestern

FIG. 12. Topography of southern France. Height (km)MSL is shown in color. Areas of elevated

terrain are labeled.

FIG. 13. Spatial distribution of multiple-Doppler data points available for (a) initialization and (b) all forecast

hours combined. Black contour lines indicate 0.5, 1.0, and 2.0 kmMSL. The 1.0 kmMSL contour line is thickened to

delineate regions above and below this altitude.
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and southeastern foothills of the Massif Central, and

negative wind direction biases over the Pyrenees and

southern Alps.

These model error statistics represent a unique and

potentially valuable resource for comparing the per-

formance of a model with regard to changes in terrain,

impacts of land–sea transition and interaction, and how

themodel handles physical processes related to complex

wind flow, for example. The data and analyses presented

serve as a proof of concept, given that the analysis pe-

riod only spans 9 days, and therefore, the ability to draw

conclusions regarding model behavior applies to this

specific case. However, given a sufficiently long period,

conclusive results could be obtained from such analyses

and may offer new types of model comparison and error

assessment that were previously unfeasible.

4. Conclusions

Results of our AROME-WMEDwindmagnitude and

direction forecast verification at 2 kmMSL are presented

using multiple-Doppler syntheses from the ARAMIS

national network of Doppler radars over a 9-day anal-

ysis period during 1–9 November 2011. Relationships

are found suggesting that normalized wind magnitude/

direction bias and MAE are not only linked to the

forecasted evolution of meteorological phenomena, but

errors at 2 kmMSL are sensitive to terrain height below

the analyzed level. Categorized forecasted wind speeds

also illustrate error susceptibility to the strength of the

forecasted events and wind direction uncertainties as-

sociated with regions where weak wind magnitudes are

present. The temporal evolution of normalized MAE as

a function of forecast lead time indicates that errors

plateau near 30 h, with generally stable values thereaf-

ter. This finding provides an incentive for an extension

of the operational, 30-h AROME simulations toward

longer forecast times.

In addition to temporal error as a function of forecast

lead time, spatial distributions of bias allow for the

specific identification of regions prone to error, in-

cluding tendencies in windmagnitude and direction over

FIG. 14. Spatial distribution of normalized bias for wind magnitude (m s21) at (a) initialization and (b) all forecast

hours combined. Contour lines are as in Fig. 13.
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regions such as the Massif Central, the southern Alps,

and the Pyrenees. Results indicate that for the analysis

period, wind speeds are overestimated near the southern

Alps and underestimated over the Massif Central. Pos-

itive wind direction biases near the southwestern and

southeastern foothills of theMassif Central indicate that

the gradient in topography below the forecast level may

play a role in forecast wind direction errors. Regions

below 1 km MSL showed the smallest wind magnitude

and direction bias. Separation of spatial error between

initialization and forecast times show that biases are

generally independent of location and terrain height at

initialization, but that the impact of terrain below the

analysis level affects the forecasted wind magnitude and

direction over time.

These error analyses show that wind syntheses de-

rived fromDoppler radar networks can serve as a robust

dataset for the verification of model performance over

large areas and at multiple levels above the ground. The

advantage of multiple-Doppler syntheses over a large re-

gion is related to the high temporal and spatial resolution

and homogeneous distribution of the data, which, at

levels above ground, traditional wind observations are

unable to match. For example, within the domain stud-

ied, only two sounding stations exist, separated by a dis-

tance of ;600km and which have a temporal resolution

of 12 h, compared to 2.5 km and 15min for the radars.

Therefore, these soundings only represent local condi-

tions, and would be difficult to use in the assessment of

the overall wind field characteristics for the domain

analyzed. However, limitations exist in regard to the

vertical extent of the verification domain for multiple-

Doppler wind retrieval datasets. Surface wind model

verification is not feasible due to radar beam blockage

and ground clutter, and the lowest level possible for wind

retrieval is a function of the baseline distance between

the radars, with longer distances increasing this height.

Therefore, use of radar wind retrieval data in conjunc-

tion with surface-based, radiosonde, and other in situ

observations is optimal, and could improve the high-

resolution model verification for other models run in

regions containing dense radar networks.

FIG. 15. Spatial distribution of bias for wind direction (8) at (a) initialization and (b) all forecast hours combined.

Contour lines are as in Fig. 13. Error convention is (model 2 analysis).
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With sufficient data storage availability (similar to

that of model output when considering 3D radar wind

retrieval), the automated production of these multiple-

Doppler syntheses paves the way for verification to be

conducted on a real-time basis. Additional fields such as

vertical velocity, reflectivity, and polarimetric radar data

may provide greater opportunity for model verification

in the future. In addition, two-dimensional multiple-

Doppler winds and/or radial velocities from multiple

radars could be incorporated into the current 3DVAR

methods (e.g., Gao et al. 2013) to improve the model

initialization and subsequent forecasts.
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