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Abstract. We collected ground-based and aircraft vertical

profile measurements of meteorological parameters during a

2-week intensive campaign over the Valencia basin, in order

to understand how mesoscale circulations develop over com-

plex terrain and affect the atmospheric transport of tracers. A

high-resolution version of the RAMS model was run to sim-

ulate the campaign and characterize the diurnal patterns of

the flow regime: night-time katabatic drainage, morning sea-

breeze development and its subsequent coupling with moun-

tain up-slopes, and evening flow-veering under larger-scale

interactions. An application of this mesoscale model to the

transport of CO2 is given in a companion paper. A careful

evaluation of the model performances against diverse me-

teorological observations is carried out. Despite the com-

plexity of the processes interacting with each other, and the

uncertainties on modeled soil moisture boundary conditions

and turbulence parameterizations, we show that it is possi-

ble to simulate faithfully the contrasted flow regimes during

the course of one day, especially the inland progression and

organization of the sea breeze. This gives confidence with re-

spect to future applicability of mesoscale models to establish

a reliable link between surface sources of tracers and their

atmospheric concentration signals over complex terrain.

1 Introduction

More than 75% of the Earth’s population live near the sea

(Michener at al., 1997), with many coastal cities being sur-
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rounded by hills or mountains. In coastal regions with com-

plex terrain, the various atmospheric gases and aerosols emit-

ted at the surface will be transported by mesoscale circula-

tions and injected into the atmosphere with very specific pat-

terns. These patterns are not resolved in coarse-scale global

transport models, and thus require further study to under-

stand atmospheric transport processes at small scales. Solar

heating frequently creates thermally induced mesoscale cir-

culations that develop under clear sky conditions, with strong

diurnal variations, and with patterns and intensities that de-

pend on the regional surface energy budget and orography.

The formation of pollution layers has been related to these

mesoscale circulations, in particular to the interaction be-

tween the sea breeze and mountain circulations. This process

has been observed at Athens (Lalas et al., 1987), Los Ange-

les (Lu and Turco, 1994), British Columbia, (McKendry et

al., 1997), Tokyo (Chang et al., 1989), and over the Northern

(Millán et al., 1984) and Eastern (Millán et al., 1992) coasts

of Spain.

The Western Mediterranean Basin is surrounded by high

mountains and during summer clear-sky conditions prevail.

In total, 42 million people live in urban areas on the West-

ern Mediterranean coast (Attane and Courbage, 2004). For-

mer campaigns have shown that mesoscale processes domi-

nate the meteorological regimes in this region (Millán et al.,

1997). Regional circulations are diurnal and become self-

organized from cells of a few tenths of a kilometer in their

early development stages, up to circulations extending to the

whole basin (hundreds of kilometers) later in the evening

(Gangoiti et al., 2001). The presence of stacked layers of

pollutants has been attributed to the mesoscale recirculation

of airmasses in the Mediterranean basin (Millán et al., 1997).
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Fig. 1. (a) Domain configuration and orography of the RAMS

model showing the four nested domains with increasing horizon-

tal resolution. The largest domain (GRID 1) has a grid length of

40.5 km, and the smallest (GRID 4) is of 1.5 km. (b) Character-

istics of the smallest-domain simulated meteorological fields are

compared to the campaign measurements. Black lines show the

orography every 200 m. Grey-scaled colours show the different land

cover types (see legend). The location of the meteorological stations

(black circles), eddy-covariance flux towers (open squares), air-

borne horizontal transect (black arrow) and vertical profiles (stars)

can be seen.

Joint use of mesoscale models and Lagrangian particle dis-

persion models was found useful in the description of trans-

port patterns in this region (Gangoiti et al., 2001; Pérez-

Landa et al., 2002).

The goal of this paper is to quantify and understand the at-

mospheric transport processes acting on scales ranging from

1 to 100 km in the Western Mediterranean Region. To meet

this goal, an intensive measurement campaign was carried

out during the summer of 2001 in the Valencia region, a

coastal basin with complex terrain located on the East coast

of Spain. The campaign was part of the European project

RECAB (Regional Assessment and Modelling of the Carbon

Balance in Europe). Airborne vertical profiles and ground

based continuous measurements of meteorological variables

were collected at different locations (Gioli et al., 2004). We

used a high-resolution mesoscale model to interpret these

measurements in terms of atmospheric transport processes.

The following sections describe the typical summertime

mesoscale transport processes in the Western Mediterranean

area (Sect. 2), the campaign (Sect. 3) and, the model simula-

tions (Sect. 4). The model results are evaluated against ob-

servations (Sect. 5) and analyzed in the context of air masses

recirculation and breeze effects (Sect. 6). A quantitative esti-

mation of the model performances is made in Sect. 7. Carbon

dioxide fluxes and concentrations were also measured during

the campaign. In a follow-up paper (Pérez-Landa et al., 2007,

this issue) we analyze the mesoscale transport of CO2 using

the same atmospheric mesoscale model.

2 Relevant features at regional and local scales

The terrain of the Western Mediterranean Basin (WMB) ex-

erts a strong influence on its weather regimes by generat-

ing local and regional mesoscale circulations on diurnal time

scales (Millán et al., 1997, 2002; Gangoiti et al., 2001). The

main orographic features are illustrated in Fig. 1a. In sum-

mer, sea breezes combine with up-slope winds to transport

wet air inland, where it can be injected at the front of the

combined breeze into a return flow at typical heights of 2–

3 km (Millán et al., 1997). During the day, the resulting

generalized convergence of winds at ground level along the

coast is compensated by an increased subsidence over the sea

(Millán et al., 1997). During the night, these processes relax

and gravity flows dominate along the coastal valleys, advect-

ing inland air near the surface towards the sea (Millán et al.,

1992). These processes create a marked diurnal cycle of the

wind direction and pressure. They also enable a recircula-

tion of air masses with a periodicity of a few days, as shown

by tracer experiment results (Millán et al., 1992). Such

mesoscale circulation cells involving vertical re-circulations

and/or oscillations are also observed in the Central Mediter-

ranean (Georgiadis et al., 1994; Orciari et al., 1998) and the

Eastern Mediterranean basins (Kallos et al., 1998; Ziomas

et al., 1998). Around the WMB mesoscale circulations can

develop coherently at a scale that may encompass the whole

basin (Millán et al., 1997; Gangoiti et al., 2001). This makes

it necessary to consider mesoscale circulations around the

WMB as a whole, in order to properly quantify and under-

stand the transport patterns within a smaller region, here the

Valencia basin.
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G. Pérez-Landa et al.: Mesoscale circulations over complex terrain: meteorology 1837

Table 1. Flights carried out on 2 July.

Time Interval

(UTC)

Type Coordinates Height

(m)

06:23–06:30 Profile 39.36 N; 0.35 W 15–800

07:40–07:45 Profile 39.37 N; 0.35 W 15–800

11:47–11:51 Profile 39.37 N; 0.36 W 15–800

13:03–13:08 Profile 39.36 N; 0.36 W 15–800

06:31–06:41 Hz. Transect 39.38 N; 0.36 W–39.21 N; 0.27 W 50

06:43–06:53 Hz. Transect 39.21 N; 0.27 W–39.38 N; 0.36 W 50

06:54–07:04 Hz. Transect 39.39 N; 0.35 W–39.21 N; 0.27 W 50

07:05–07:15 Hz. Transect 39.21 N; 0.27 W–39.38 N; 0.36 W 25

07:16–07:26 Hz. Transect 39.38 N; 0.35 W–39.21 N; 0.27 W 25

07:27–07:38 Hz. Transect 39.21 N; 0.27 W–39.39 N; 0.36 W 25

11:54–12:04 Hz. Transect 39.39 N; 0.36 W–39.20 N 0.27 W 50

12:05–12:15 Hz. Transect 39.21 N; 0.27 W–39.38 N 0.35 W 50

12:16–12:26 Hz. Transect 39.39 N; 0.36 W–39.21 N 0.27 W 50

12:27–12:37 Hz. Transect 39.21 N; 0.27 W–39.38 N; 0.38 W 25

12:39–12:49 Hz. Transect 39.39 N; 0.35 W–39.21 N; 0.27 W 25

12:52–13:02 Hz. Transect 39.21 N; 0.27 W–39.39 N; 0.34 W 25

The Valencia region is located on the East coast of the

Iberian Peninsula. At the confluence of the Turia (North)

and Jucar (South) river valleys, the region presents a coastal

plain extending up to 50 km inland (Fig. 1b), surrounded by

mountain ranges with an average elevation of 1000 m. The

combination of fertile soils, proximity to the sea, mild tem-

peratures and flat topography enables the large-scale culti-

vation of irrigated tree-crops (mainly citrus) and paddy rice

along the coast. The city of Valencia, located at the mouth

of the Turia river (Fig. 1b), contains 1.4 M people, including

conurbations, and has no heavy industry.

3 Airborne and ground-based measurements during

the campaign

We focus here on the campaign episode of 1–2 July 2001,

during which many vertical aircraft profiles were collected

near the coastline, specifically over rice fields (Fig. 1a). The

weather conditions for this episode show a high pressure sys-

tem centered over the Netherlands and a typical decrease in

sea level pressure towards the East in the Mediterranean re-

gion (Fig. 2). There is a local pressure minimum over the

center of the Iberian Peninsula at 12:00 UTC, where the tem-

perature is locally warm at that time. Under such a typical

summer weather pattern, mesoscale circulations are expected

to develop in the Valencia basin.

The airborne measurements made on 2 July consist of ver-

tical profiles and horizontal transects collected at selected in-

tervals, using a Sky Arrow ERA light-weight aircraft (Ta-

ble 1). Vertical profiles were taken between 15 m and 800 m

above the rice fields. Eddy covariance flux measurements

were performed along each horizontal transect (Fig. 1b). The

aircraft measured sensible and latent heat fluxes, tempera-

ture, relative humidity and wind, and CO2 concentrations

and fluxes (the latter analyzed in a companion paper). These

measurements are described by Gioli et al. (2004).

Airborne vertical profiles are collocated with ground-

based eddy covariance flux measurements. Eddy-covariance,

fluxes of CO2, H2O and energy were measured on top of two

towers (Fig. 1b). The first tower (12 m), called El Saler (SA),

is permanently located over a Pine-dominated maquia forest.

The second tower (2 m), called Rice (RI), was set up during

the campaign over a rice field. Eddy covariance fluxes of sen-

sible and latent heat (and CO2 fluxes) are calculated at 30 min

time steps from ultrasonic anemometer wind, H2O and tem-

perature sensors 10 Hz data, following the guidelines of the

Euroflux methodology (Aubinet et al., 2000). The measure-

ments of wind speed and direction, temperature and relative

humidity made on top of each flux tower were used to evalu-

ate the results of the RAMS model (Sect. 5). Additional mea-

surements come from five meteorological stations within the

Valencia basin: Villar (VI) and Xátiva (XA) located inland,

and Altura (AL), Port (PO) and Carraixet (CA), located in

the North.

4 Mesoscale simulation: Model setup, initial and

boundary conditions

The Regional Atmospheric Modeling System (RAMS;

Pielke et al., 1992) in its version 4.3.0 was used to simulate

selected days of the RECAB campaign. The RAMS model

was applied to four domains of decreasing size at increasing

www.atmos-chem-phys.net/7/1835/2007/ Atmos. Chem. Phys., 7, 1835–1849, 2007
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Fig. 2. Temperature (◦C) at 1000 hPa and Sea Level Pressure (hPa)

fields from the AVN global model at 12:00 UTC on 2 July.

spatial resolution (Fig. 1a). A series of two-way interac-

tive nested domains were configured at decreasing horizon-

tal grid spacing of 40.5, 13.5, 4.5 and 1.5 km, respectively

(Fig. 1a). The vertical discretization uses 45 levels with

a 30 m spacing near the surface increasing gradually up to

1000 m near the model top at 17 000 m, and with 15 levels in

the lower 1000 m. Our version of RAMS includes the Mel-

lor and Yamada (1982) level 2.5 turbulence parameterization,

a full-column two-stream single-band radiation scheme that

accounts for clouds to calculate short-wave and long-wave

radiation (Chen and Cotton, 1983), and a Kuo-modified pa-

rameterization of sub-grid scale convection processes in the

coarse domain (Molinari, 1985). The cloud and precipita-

tion microphysics scheme from Walko et al. (1995) was ap-

plied in all the domains. The LEAF-2 soil-vegetation surface

scheme was used to calculate sensible and latent heat fluxes

exchanged with the atmosphere, using prognostic equations

for soil moisture and temperature (Walko et al., 2000).

Atmospheric boundary and initial conditions are derived

from the analysis of the NCEP Aviation (AVN) run of the

Global Spectral Model (Caplan et al., 1997), available ev-

ery 6 h at ≈100 km resolution globally. A Four-Dimensional

Data Assimilation (FDDA) technique is used to define the

forcing at the lateral boundaries of the outermost eight grid

cells of the largest domain. Surface boundary conditions also

include land cover information. We use here the USGS land

cover (Anderson et al., 1976) modified to include detailed

land use information from CORINE (CEC, 1995) over the

Iberian Peninsula, and from PELCOM (Mucher et al., 2000)

over the rest of Europe. The various land cover types are re-

classified into the 30 distinct LEAF-2 vegetation classes with

an original resolution of 0.0083◦ (Baklanov et al., 2004).

Over the ocean, we prescribe SST values at 0.5◦ resolu-

tion by means of direct processing of NOAA-AVHRR raw

satellite data during the days of the campaign following the

Fig. 3. Soil moisture for the 1st of July at 00:00 GMT: interpo-

lated from the (a) 0–10 cm and (b) 10–200 layers of the AVN global

model into RAMS domain 2; output of the 2 months spin up simu-

lation over RAMS domain 2, vertically averaged (c) between 0 and

10 cm and (d) between 10 and 200 cm.

scheme by Badenas et al. (1997). In areas where processed

data was not available (some peripheral areas located out-

side GRID 2) data from weekly means global data (Reynolds,

1994) were used.

Soil-moisture plays a central role in controlling the devel-

opment of mesoscale circulations, via its influence on the

surface energy budget (Ookouchi et al., 1984; Lanicci et al.,

1987; Jacobson 1999). Soil moisture is usually estimated

in global models by using atmospheric variables as forcing

data (Mahfouf, 1991). This procedure provides soil mois-

ture gridded fields, which are otherwise impossible to obtain

from direct observations. When soil moisture and tempera-

ture from the AVN fields were used to initialize RAMS, how-

ever, the simulated meteorological fields showed important

differences against the measurements. The simulation was

too dry (Table 2) and the morning vertical profiles of temper-

ature during the morning were poorly captured (not shown).

We thus initialized soil moisture and soil temperature dur-

ing the campaign by running RAMS coupled to LEAF-2

over the two largest domains (Fig. 1a) for two months pre-

ceding the campaign, guided by a smooth data assimilation

(FDDA) of the AVN fields. For simplicity, we prescribed

LEAF-2 with a homogeneous soil texture of the clay-loam

type. The soil column at each grid point is subdivided into

11 layers down to a depth of 2 m. The soil moisture was

initialized with a uniform profile at a value of 0.38 m3/m3.

The initial soil temperature profile is obtained by subtract-

ing from the surface air temperature a value of 2.3◦C in the

top soil, which linearly decreases down to a decrease of 1◦C

Atmos. Chem. Phys., 7, 1835–1849, 2007 www.atmos-chem-phys.net/7/1835/2007/
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Fig. 4. Measured (continuous line) and simulated (discontinuous line) time series on 1 and 2 July 2001 in VI, XA and SA (see Fig. 1b). On

the left: temperature (black) and q (grey). On the right: wind speed (grey) and wind direction (black). When the observed or simulated wind

speed was less or equal to 0.5 ms−1, the wind direction was not drawn.

in the bottom soil. The soil variables obtained in RAMS

for 1 July 2001 were compared to the AVN global analy-

sis data. Soil temperatures were similar in both simulations,

except for those regions where differences in model orog-

raphy are important (not shown). Soil moisture from AVN

was drier than in RAMS for the 0–10 cm layer, and for 10–

200 cm (Fig. 3). The RAMS results show their highest mois-

ture values in mountainous regions, probably due to the ef-

fect of convective precipitation which the global AVN model

could not resolve. Other differences in AVN vs. RAMS soil

moisture fields must also be attributed to their different land

surface schemes, which may induce different soil moisture

dynamic ranges (see e.g., Koster and Milly, 1997).

www.atmos-chem-phys.net/7/1835/2007/ Atmos. Chem. Phys., 7, 1835–1849, 2007
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Fig. 5. Scatter plot of virtual potential temperature vs. specific humidity hourly data at weather stations XA (red), VI (green) and SA (blue)

observed (a) and modeled (b), for the daytime period of 06:00 to 18:00 UTC on 1 July (−1) and 2 July (−2).

Fig. 6. Observed (closed circles) and modeled (open circles) net

radiation (black), sensible (red) and latent (blue) heat fluxes at SA

surface station during 1 and 2 July 2001.

The use of a 2-month model spin-up to initialize our high-

resolution simulation could be disputed, when compared

with other more complex schemes employed in mesoscale

models (e.g. Smith et al. 1994). However, initialized in this

way, RAMS showed good skills in simulating wind and tem-

perature fields during the campaign (Sect. 5 and Pérez-Landa

et al., this issue).

5 Results: modeled and observed meteorological quan-

tities

5.1 Model comparison with surface weather stations

We focus here on time series from three stations shown in

Fig. 1b, SA (El Saler, coastal), VI (Villar, inland in the Jucar

river valley) and XA (Xàtiva, inland in the Turia river valley).

The two inland stations show a larger diurnal temperature

cycle (15◦C) than the coastal station (8◦C), as seen in Fig. 4.

The model captures quite well the diurnal temperature range

at each station (see Sect. 6), as well as the gradient between

the coastal station SA and the inland ones XA and VI. The

warming trend observed at all three sites between 1 and 2

July, reaching up +5◦C in one day at XA, is well reproduced.

However, there is a noticeable under-prediction of the SA

diurnal temperature range, by up to 3◦C, with overly high

minimum and overly low maximum values (Fig. 4e).

The air specific humidity shows a rather complex diurnal

variation, different between the three stations and between 1

July and 2 July (Fig. 4). The observed humidity is on aver-

age higher near the coast at SA, although the first day shows

a dry spell in the morning. The XA station experiences a

daytime drying which intensifies on 2 July, whereas the VI

station has an opposite trend. Generally, the model is too

wet compared to the observations at all three sites (Fig. 4),

but it does reproduce the observed trend towards increasing

humidity between 1 July and 2 July.

In the hourly wind speed and direction data shown in

Fig. 4, we can observe a strong diurnal oscillation, character-

ized by the daytime development of the sea-breeze advecting

air from sea to land at a speed of up to 6 m s−1, followed

by night time surface drainage winds oriented from land to

sea. Thermal circulations develop during the day, stabiliz-

ing a flow pattern advecting air from sea to land. The wind

blows inland from the East, but it is occasionally variable and

Atmos. Chem. Phys., 7, 1835–1849, 2007 www.atmos-chem-phys.net/7/1835/2007/
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Fig. 7. (a) Early morning horizontal wind vectors at 50 m above ground. Thick black arrows: observed winds during the airborne transects at

06:50 UTC on 2 July. Thin grey arrows: modeled winds at the same time. Grey regions correspond to the same land cover types as in Fig. 1.

(b) Same fields but for midday conditions, at 12:10 UTC. Note that corresponding wind scales are drawn at the top right of each panel.

its direction also varies between sites. At SA, winds blow-

ing from the East were observed on 1 July, but they were

seen to come from the North-East on the evening of 2 July

(Fig. 4e). In XA, the winds blowed initially from the North-

East, changed to the North-West by the evening of 1 July and

to the South-West by the evening of 2 July. Gravity-driven

drainage circulations develop during the night. The drainage

winds follow the main axis of the valleys (Fig. 4 and Fig. 1b).

Nocturnal winds blowing from the South-West along the Ju-

car valley (Fig. 4d) were observed at XA. At VI, calm con-

ditions within a stable stratified surface layer prevailed, with

no representative wind direction. At SA near the coast, the

wind blew from the South-West during the night of 2 July,

and from the North-West during the night of 3 July. This sta-

tion is located at the confluence of the Jucar and Turia valleys

(Fig. 1b) so that the main nocturnal wind direction depends

on which of the two drainage flows prevails.

It is very encouraging to see that the mesoscale model is

able to capture quite realistically both the timing and the in-

tensity of breezes and drainage winds (Fig. 4). At VI, the

modeled wind speed and direction match the data during the

day, except for the change in the evening of 2 July (Fig. 4).

At XA, the model predicts a change in wind direction from

North-East to East by mid-day on 2 July, whereas the data

show a variable wind direction. A second change in wind

direction by the evening of 2 July is simulated, with winds

from the North, while the observed winds are from the South-

West. At SA, on the coast, the daytime sea breeze develop-

ment is well-reproduced, especially for 2 July (Fig. 4). More

discrepancies with the station data are observed during the

night under stable conditions. At VI, the modeled drainage

wind speed is overestimated by 1.5 m s−1, probably due to

the presence of a ground inversion not resolved in the model,

while at XA and SA the modeled winds are occasionally in

the wrong direction.

The link between the mesoscale circulations and the ther-

modynamic cycle can be analyzed with the help of conserved

variable plots (Betts and Ball, 1995). Figure 5 shows the

heating of airmasses observed during the early morning and,

in general, coupled to drying processes. A sharp decrease

in heating and an increase in specific humidity can then be

observed in the six cycles analyzed. The moistening occurs

with the set-up of the mesoscale circulations which advects

humidity inland until the end of the daytime cycle. The only

exceptions are XA and SA on the second day, which show

a second stage of drying and heating processes. This could

www.atmos-chem-phys.net/7/1835/2007/ Atmos. Chem. Phys., 7, 1835–1849, 2007
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Fig. 8. Experimental (left) and modeled (right) vertical profiles of

horizontal winds over the rice paddy fields at the aircraft campaign

location (marked with P in Fig. 1b) at different times on 2 July.

indicate some entrainment of dry and warm air from a layer

aloft in the mixing layer.

The model results represented in Fig. 5 show important

differences when compared with observations. The model

presents moister values and less variability during the diur-

nal cycle than measurements show (see also above). The

model captures the moistening due to advection in SA, al-

though it cannot see the strong heating and drying measured

on the first day. This could be due to the early development

of the simulated breeze circulation at SA compared to obser-

vations (Fig. 4f). The model does not solve clearly the role

advection plays in moistening the airmass at the inland sta-

tions, although the presence of moister air before the arrival

of the breeze could have decreased this effect. It is clear that

the drying processes during the early stages of the cycle are

very different from those observed, which could be due to

the effect of our simple soil moisture initialization scheme.

The model shows less variability than the aircraft data, sug-

gesting that the spatial gradients in specific humidity are too

small. The second stage of the drying and heating processes

observed at XA and SA stations is not captured by the model.

This could be due to the limitations of the PBL schemes sim-

ulating the effect of the entrainment processes.

Figure 6 shows good agreement between simulated and

observed net radiation and heat and moisture fluxes at SA.

However, the singular location of this site as well as the het-

erogeneous character of the region limits the representativity

of this result. Thus, as our previous analysis on moisture

suggests, more bias in the fluxes is expected throughout the

domain.

5.2 Comparison between model and aircraft measurements

The horizontal winds measured at 50 m above ground during

the aircraft transects are shown in Fig. 7. During the early

morning (Fig. 7a), the drainage winds flow towards the sea.

In the northern basin (Turia), the wind speed is low and the

wind comes from the North-West, while in the southern basin

(Jucar), the wind turns to the West and increases in speed. At

the confluence of the Jucar and Turia valleys, the wind ac-

quires a different direction and speed. There is good agree-

ment between model and data, except for an underestimation

of the drainage winds in the southern basin (Fig. 7a). In con-

trast with the complex early-morning drainage wind fields

(driven by orography and gravity), the mid-day wind field is

more uniform, with a South-East origin and higher speeds

than in the morning near the coast. This daytime breeze flow

is nicely reproduced by RAMS (Fig. 7b).

Figure 8 shows the wind vertical profiles measured on 2

July. The early morning data (06:23 UTC) indicate that the

drainage winds are confined below ≈200 m. The next morn-

ing profile (07:40 UTC) shows a transition period between

drainage and sea breeze regimes, with low speeds at every

altitude. Later in the day, the sea breeze develops and blows

from the South-East at a speed of 5 m s−1 by 11:47 UTC,

increasing up to 7 m s−1 by 13:03 UTC. This breeze cell re-

mains confined below 400 m throughout the day.

The changing shapes of the wind profiles are well captured

by the model (Fig. 8). At 06:30 UTC, however the model

underestimates the drainage wind intensity in the lowermost

layers, while aloft there is overestimation. At 07:50 UTC,

the model reproduces the drop in wind speed at the transition

between drainage and breeze. At 11:50 UTC and 13:10 UTC,

the model captures well the persistent breeze regime (see also

Fig. 10), including the wind shear above ≈400 m.

Vertical profiles of potential temperature show the transi-

tion between the drainage and breeze regimes (Fig. 9). Heat-

ing occurs in the lower 200 m because of convective mixing,

and between 200 and 800 m because of the sinking of air in

the compensatory subsidence capping the sea breeze (Mil-

lan et al, 1997). The model reproduces the observed tem-

perature profiles and rate of change well, suggesting that the

mesoscale dynamics of the basin (also governing the CO2

dispersion) is realistic. Nevertheless, some discrepancies

with the data can still be found in the lowest levels. The

model cannot solve for the inversion present in the 06:37

profile near the ground, and at 11:50 UTC and 13:10 UTC

while observed profiles are slightly stable, the model shows

unstable profiles in the lowest 100 m. Both features could

have a significant impact in the simulation of the atmospheric

transport of any tracer. Additionally, the model is too wet in

altitude, a bias also seen at surface stations, and it does not

resolve explicitly the fine scale structure of the humidity pro-

files (Fig. 9), owing to its coarse resolution.
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Fig. 9. Observed (Obs) and modeled (Mod) vertical profiles of potential temperature (left) and q (right) over the rice paddy fields at the

aircraft campaign location (marked with P in Fig. 1b) at different times on 2 July.

6 Modeled 3-D circulation patterns

In this section, we use the model as a tool which helps to

understand the 3-D character of the complex terrain circula-

tions identified in the previous data analysis. Figure 10 shows

the surface horizontal streamlines and pressure fields during

the course of 2 July. During the night, the drainage winds

follow the direction of each valley (Fig. 10a). Vertical cross-

sections show the thickness and extension of this drainage

flow, which penetrates over the sea (Fig. 11a). After dawn,

at 08:00 UTC, heating of the slopes oriented toward the sun

allows the development of up-slope winds, while in some ar-

eas close to the coast, nocturnal drainage persists (Fig. 10b).

The gray lines in Fig. 10b show that vertical injection occurs

at some well-defined convergence zones. In these conver-

gence zones, positive vertical transport and upward advec-

tion of TKE occur (see, for instance, at longitude −0.87 W

in Fig. 11b). At the same time, there is a divergence zone

at around −0.63 W, where vertical winds become negative in

the lower 200 m and sinking of TKE is modeled (Fig. 11b).

Higher than 400 m above the sea, the wind coming from the

East is connected to the up-valley injection. The return flow

can be observed above 1200 m. A similar divergence center

was modeled in the southern Jucar valley, 38.95 N, −0.48 W,

surrounded by convergence lines (Fig. 10b). The horizontal

gradient of the Sea Level Pressure is small at this stage of the

morning. This circulation consists of a complex pattern of

horizontal and vertical winds, and the scales of the processes

are related to the size of each valley.

At 11:00 UTC, the valley breezes have merged into a com-

bined breeze extending from the sea (where horizontal winds

are diverging) to a convergence line over the mountain range

parallel to the coast (Figs. 10c and 11c). The vertical in-

jection at this time of the day is stronger than it was ear-

lier, reaching above 2000 m in height (Fig. 11c). The breeze

cell stays confined to the first 400 m (Fig. 8), but it connects

the coast with the mountain convergence and its return aloft.

There is a continuous Sea Level Pressure decrease of 1–2 hPa

within 60 km from the coast to the interior. The cross-section

parallel to the coast (Fig. 11d) shows that the compensatory

subsidence above the center of the valley limits the vertical

mixing to the lower 300 m of the atmosphere.

At 15:00 UTC, the wind veers to the South-East over the

sea, while inland the mountain convergence lines move per-

pendicular to the coast (Fig. 10d). The negative pressure

gradient between the valleys and the coast has further in-

creased. Three hours later, at 18:00 UTC, while the wind

direction over the sea continues to be from the South-East,

the wind inland has changed to North-East in the southern

basin and to South-East in the northern basin (Fig. 10e). The

development of this circulation partly compensates for the

negative pressure gradient between the coast and the valleys.

At 21:00 UTC, the cooling of the surface starts to organize

drainage winds towards the sea, while part of the flow reflects

previous processes (Fig. 10f). The spatial variability of the

pressure decreases, except in the higher north-east valleys.
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1844 G. Pérez-Landa et al.: Mesoscale circulations over complex terrain: meteorology

Fig. 10. Horizontal streamlines and Sea Level Pressure simulations near the surface (at ≈15 m) at different intervals on 2 July: (a) at 06:00,

(b) at 08:00 UTC, (c) at 11:00 UTC, (d) at 15:00 UTC, (e) at 18:00 UTC, and (f) at 21:00. The thick grey solid lines represent convergence

lines of the horizontal wind. The black dotted lines indicate the location of the cross-sections drawn in Fig. 11. Closed circles represent the

location of ground stations (Fig. 1b).
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Fig. 11. Vertical cross-sections of simulated TKE (m2 s−2) and wind (m s−1). Contour lines represent TKE and vectors represent the wind

component projected in the direction of the cross-section and with the vertical wind multiplied by 10. Each plot corresponds to the cross-

sections drawn in Fig. 10 at constant latitude at the respective times, except for case (d) which represents a cross-section at constant longitude

at 11:00 according to Fig. 10c. Note the different wind scaling in (b).

7 Quantitative estimates of the model performances

The ability of the RAMS model to reproduce mesoscale cir-

culations over the complex terrain of the Valencia region de-

serves a further, quantitative assessment. Table 2 gives a de-

tailed statistical comparison between modeled and observed

temperatures, specific humidities and winds. The meteoro-

logical stations are grouped into a coastal group (PO, CA,

SA, RI) and an inland group (AL, XA, VI). Hourly outputs

of the model were spatially interpolated to the location of

each station and compared to the data. We calculated the

Mean Error (ME) and the Root Mean Square Error (RMSE)

for temperature and humidity. For winds, we calculated the

RMSE of the Vector Wind Difference (see Stauffer and Sea-

man 1990 and Table 2 caption), which takes into account

both wind speed and direction errors, an important advan-

tage in the presence of wind reversals. We also calculated the

wind speed Index Of Agreement (IOA), which measures the

degree to which a model’s prediction is free of error (Will-

mott, 1981; a value of 0 means complete disagreement and a

value of 1, perfect agreement).
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Table 2. Model skills against surface observations. The seven surface stations are grouped by location into Coastal (PO, CA, SA and RI)

and Inland (AL, VI and XA). N represents the number of observations included in the calculation of Mean Error, Root Mean Square Error,

Index of Agreement and Vector Wind Difference for the respective variables. P represents the simulated value and Po observation, while Mo

is the average observed wind speed for N values in the corresponding formulas:

ME= 1
N

N
∑

i=1

(P − Po) IOA=1−
N(RMSE)2

N
∑

i=1

(|P−Mo|+|Po−Mo|)
2

VWD =
√

(u − uo)
2+(v − vo)

2 RMSE =

√

1
N

N
∑

i=1

(P−Po)
2

1–2 July 2001 Wind vector (ms−1) Temp. (◦C) q (g kg−1)

ME RMSE IOA VWD N ME RMSE N ME RMSE N

AVN Soil Cond.: All 0.62 1.61 0.79 2.29 300 0.18 2.28 300 −2.7 4.1 215

2 months spin-up:

All Stations All 0.36 1.54 0.79 2.18 300 0.04 1.49 300 0.33 3.53 215

Day 0.52 1.43 0.84 2.28 195 −0.15 1.48 195 0.72 3.58 140

Night 0.07 1.72 0.61 1.99 105 0.38 1.51 105 −0.39 3.44 75

Coastal Stations All 0.04 1.47 0.78 2.04 171 −0.03 1.43 171 −2.68 3.90 86

Day 0.36 1.21 0.86 2.11 111 −0.08 1.31 111 −2.29 3.83 56

Night −0.56 1.86 0.63 1.93 60 0.06 1.63 60 −3.41 3.96 30

Inland Stations All 0.79 1.63 0.80 2.36 129 0.13 1.56 129 2.34 2.97 129

Day 0.73 1.69 0.84 2.51 84 −0.24 1.67 84 2.72 3.18 84

Night 0.92 1.51 0.59 2.07 45 0.81 1.34 45 1.62 2.52 45

7.1 Temperature and humidity

The temperature RMSE for all stations is 1.49◦C, with a ME

of 0.04◦C (i.e., no bias). The model performances for tem-

perature are very good, if one compares the small value of

the model-data misfit (Table 2) with either the large diurnal

cycle amplitude of 15◦C (Fig. 4) or the coast minus inland

temperature difference of 4◦C. When only the coastal sta-

tions are considered, the model shows no bias (ME=0.03◦C)

and performs equally well for daytime as for night time. For

inland stations, the model has a slight negative bias dur-

ing the day (ME=−0.24◦C) and a slight positive one dur-

ing the night (ME=0.81◦C). This overestimate of the diurnal

temperature cycle does not degrade the model-data compar-

ison, the RMSE values for the inland stations being simi-

lar to those of the coastal sites. For specific humidity, the

value of the ME for all stations is small (0.33 g kg−1), in-

dicating a slight wet bias in the model. The model simu-

lates specific humidity less well than it does temperature,

as illustrated by an RMSE value of 3.5 g kg−1 (see also

Fig. 4). One can further see from Table 2 that the model

is too dry near the coast (ME=−2.7 g kg−1) and too wet in-

land (ME=2.4 g kg−1). The dry bias at the coastal stations is

more pronounced during the night, while the wet bias at the

inland stations is higher during the day.

7.2 Winds

The model shows a slight positive bias for winds

(ME=0.36 m s−1). Averaged for all the weather stations, we

simulated typical nocturnal wind values of 1 m s−1, and day-

time values of 6 m s−1, giving a diurnal amplitude 5 m s−1

(see Fig. 4). The simulated wind has an RMSE of 1.54 m s−1,

which suggests good model performances, given the ampli-

tude of the signal. The wind speed IOA is 0.79, which is

good, given the complexity of the flow and the fact that the

seven stations represent contrasted wind regimes. The mod-

eled wind speed at the coastal stations is accurate (ME=0.04),

but at the inland stations it is too high (ME=0.79 m s−1). In

both cases, the mean bias remains lower than the RMSE.

At inland sites, the wind speed RMSE is similar between

day and night (Table 2). Considering that nocturnal winds

are four times weaker than diurnal ones, this suggests worse

model skills inland at night. At coastal sites, a positive bias

is found during the day (ME=+0.36 m s−1), and a negative

one during the night (ME=−0.56). The model performances

are again worse during the night. Overall, during the night,

the model is too windy inland and not windy enough on the

coast.

For all stations, the RMSE of Vector Wind Difference

(RMSE-VWD) varies between 1.2 and 2.5 m s−1, with a

peak at 4 m s−1 (Fig. 12). It is clear from Fig. 12 that
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the model simulates the wind vector worse for inland sites

(VWD=7 m s−1) than for coastal sites. For the coastal sites,

maximum RMSE-VWD occurs at 20:00 UTC and proba-

bly corresponds to the period of transition from the evening

breeze to the nocturnal drainage. Except for evening transi-

tions, the VWD values remain between 1 and 3 m s−1 with

no differences between coastal and inland locations. Mini-

mum values of 1 m s−1 are observed when the wind speed is

weaker, e.g., during the night of 1 July.

8 Concluding remarks

By combining measurements and models, we were able to

identify three characteristic mesoscale circulation regimes

over the Valencia basin: 1) a nocturnal drainage flow with

katabatic winds channeled by the valleys, 2) a combined

breeze regime during which the sea breeze merges with con-

vective uplift over the mountain ranges followed by a sub-

siding flow over the sea, and 3) an evening regime where a

large inland pressure minimum can interact with the com-

bined breeze and change the flow pattern. Such regimes

commonly develop in the Valencia region under summertime

conditions.

Soil moisture and soil temperature in the RAMS model

were initialized by a 2-months spin-up. This simple initial-

ization procedure improved the model results for the atmo-

spheric fields as compared to prescribing global AVN soil

moisture fields (Table 2). Yet, the initial soil moisture fields

seem to cause a wet bias of the atmospheric model inland,

and a dry bias near the coast (Figs. 4 and 5). Despite this,

the model statistical skills and the model evaluation in terms

of processes controlling temperature and wind diurnal vari-

ations, are both in good agreement with the data. In fact,

our statistical scores were comparable to those of other simi-

lar simulation studies (Seaman and Michelson, 2000; Hanna

and Yang 2001; Zhong and Fast 2003) and the model’s abil-

ity to solve processes was similar to other studies in complex

terrain (Zhong and Fast, 2003; De Wekker et al., 2005).

One of the most interesting processes captured here is the

combined breeze circulation cell, in particular its subsidence

branch towards the sea which increases the temperature in-

version and confines mixing to the lowermost 200 m despite

solar heating rates higher than 700 Wm−2. A second impor-

tant process solved by the model is the evening circulation

generated when solar warming diminishes to compensate the

spatial preassure gradient formed after heat distribution dur-

ing the daytime mesoscale processes development (Fig. 10e).

Finally, the main processes and spatial flow patterns dur-

ing the nocturnal regime are captured with high accuracy,

although the comparison with station observations (Fig. 4),

and consequently the statistical evaluation (Table 2), show

some discrepancies. It seems that the model results are hor-

izontally more homogeneous than reality, and that the stable

boundary layer parameterization of RAMS does not repro-

Fig. 12. Time series of VWD averaged for the seven surface stations

(Solid) and grouped by location as Coast: PO, CA, SA and RI (dots)

and Inland: AL, VI and XA (dashed).

duce the high spatial variability of the wind in the area. Addi-

tionally, the early morning temperature profile solved by the

model shows some vertical mixing while the observed pro-

file remains stable (Fig. 9). Both results could indicate that

during the nocturnal regime the model produces too much

mixing through interactions with orography and thus homog-

enizes the flow in excess. Although more experimental data

would be desirable to confirm this hypothesis, our results

are consistent with those of Zhong and Fast (2003), who,

when evaluating different mesoscale models in complex ter-

rain, found stronger vertical mixing and diffusion than the

observed values during the nocturnal regime.

It is well known that landscape and terrain heterogeneities

induce spatially varying surface turbulent fluxes, resulting in

heterogeneous boundary layers (Pielke, 2002). Our model

study area combines the difficulties of land-sea contrasts,

mountainous terrain and larger-scale mesoscale circulations.

The measurements available during the campaign allowed us

to characterize the breeze development in the lower atmo-

sphere near the coast, although vertical profiles to a higher

altitude and further inland would also have been very use-

ful. It is very encouraging to note that, despite the inherent

complexity of the system studied and the limitations from

unknown initial soil moisture distribution, the RAMS model

could reproduce faithfully the main mesoscale flow patterns.

However, it is important to keep in mind that turbulence pa-

rameterizations of mesoscale models are derived from the-

ories and data for horizontally homogeneous steady-state

boundary layers (Pielke, 2002). Thus, it is likely that the

simulated turbulence fields (usually provided for dispersion

models) could have been conditioned by this limitation. New

data over complex terrain could be useful to test mesoscale

models beyond their range of normal applicability, with the

aim of eventually improving them.
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