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ABSTRACT

The Regional Atmospheric Modeling System (RAMS) version 6.0 has been used to
investigate the impact and influence of initial soil moisture distributions on mesoscale
circulations. To do this, two different events have been selected from the 2011 summer
season: one at the beginning of the season (June) and the other one at the end of the
season (August). For each of these mesoscale frameworks a total of five distinct
simulations were performed varying the initial soil moisture content: a control run and
four additional sensitivity tests. The control run, corresponding to a low soil moisture
content, is the one used within the real-time weather forecasting system implemented in
the Valencia Region. In the corresponding sensitivity simulations this low value has
been progressively increased in different steps until the original soil moisture content
doubled. It has been found that high soil moisture is associated with colder near-surface
temperature, a moister relative humidity and a slightly lower near-surface wind speed,
whereas a drier soil resulted in a dryer relative humidity, warmer temperature and a
slight low-level wind. In general, the highest soil moisture contents are required to
reproduce the near-surface daily cycles of temperature and relative humidity through
higher values of latent heat flux and lower values of sensible heat flux. In this regard,
moistening the soil improves the previous results obtained using the RAMS
configuration used within the operational forecasting system. However, the wind speed
IS not quite sensitive to changes in the soil moisture content over flatter terrain. Finally,
although a warming and dryer mixing layer is obtained with the lowest soil moisture
content, the mixing layer height remains practically unchanged when using the distinct
configurations over flat terrain. These differences are enhanced over more complex

terrain.
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1. Introduction

Mesoscale circulations are a characteristic atmospheric phenomenon in many
coastal areas, and this has been amply documented. Nevertheless, the study of this
mechanism is still interesting due to its importance to human affairs as well as its role in
air pollution transport and precipitation (Miao et al., 2003). These circulations prevail in
contrast to other meteorological conditions during the summer months over Eastern
Spain (Azorin-Molina et al., 2009; Azorin-Molina et al., 2011; Mir6 et al., 2009).
Increased solar heating in the surrounding mountains results in convective mixing and
the onset of upslope winds, aside from this the wind reverses and drainage flows are
established during the evening or night. Thus, a typical daily cycle is recognized based
on combined local and regional forcings (Millan et al., 2000).

An operational forecasting system (OFS) based on the latest version of the
RAMS model (Pielke et al., 2013) (Version 6.0) and covering a large extension of the
Western Mediterranean coast was running operationally for the summer 2011 (Gémez et
al., 2014, Gomez et al., 2015) as a support to different alert and warning systems
(Gémez et al., 2010). Considering the RAMS simulations performed by this tool, rather
accurate results have been found. However, some differences have still been detected in
terms of meteorological surface variables, such as temperature, humidity and wind
speed (Gomez et al., 2014, Goémez et al., 2015). Although the model reproduces the
diurnal variation in relative humidity properly, it has been observed that the model
shows more difficulties in forecasting this magnitude at night time. In addition, in terms
of temperature, there is a general tendency to over-predict the observations both at night
and day time, notably marked by the latter. In this case, the Bias score of 0.3 °C

obtained at night time rises to 3 °C during the day. Finally, the wind speed is



overestimated, with the greatest differences found at day time, when the wind flow is
more complex (considering that wind speeds are much higher than during the night).

Bearing in mind that mesoscale circulations are of most significant importance
in the study area and the differences found in terms of the meteorological surface
variables provided by the OFS, the current paper is focused on the understanding of the
impact of the volumetric soil moisture content (SM hereafter) on these kinds of
meteorological episodes and their forecast accuracy.

The impacts of different land surface characteristics on sea-breeze dynamics is
well documented (Kala et al., 2010). For example, Physick (1980) found that the inland
penetrations of the sea breeze vary significantly with SM. In addition, higher
evapotranspiration from a wetter soil implies more energy in the form of latent heat and
less in sensible heat, and hence, a reduction in the intensity of the sea breeze. These
results have been confirmed by several sea-breeze modelling studies (e.g., Yan and
Anthes 1988; Miao et al. 2003). Similarly, Ma and Lyons (2000) varied SM in their
simulations of the western sea breeze in the south-west of Western Australia and found
wetter soils delayed sea-breeze onset. Miao et al. (2003) investigated the effects of SM,
topography, and land degradation caused by the sea breeze over Eastern Spain, covering
the area of the current study. Miao et al. (2003) also used RAMS (\ersion 3b), by
conducting simulations with current (heterogeneous) land cover and measured SM, as
well as homogeneous forest, short grass, and desert land cover with 60, 25, and 10%
SM respectively. They found that lower SM resulted in higher horizontal and vertical
wind components at all heights as well as a more penetrative sea breeze. Another recent
study used an increasing SM of 0.25 m®m™ in relation to their control simulation, using
the RAMS model focused on a sea breeze event in the South-West of Western Australia

(Kala et al., 2010).



On the other hand, different approaches have been used to evaluate the influence
of SM on numerical simulated results, but applied to other kinds of meteorological
episodes. In this regard, Quintanar et al. (2008), using the Penn State/NCAR’s
Mesoscale Model (MM5), and Suarez et al. (2014), using both MM5 and RAMS
performed similar studies over Western Kentucky (USA). The focus of these latest two
investigations was to examine three synoptic events with varying synoptic force
occurring on June, 2006. Several simulations were conducted in which initial SM was
increased and decreased by 0.05, 0.10 and 0.15 m®m™. Three-member wet and dry
ensembles were constructed and analysed with respect to control (CTRL hereafter) runs
for each study period in order to evaluate the response of the PBL to changes in SM.
Finally, Husain et al. (2014) used the GEM (Global Environmental Multiscale) model in
order to investigate the influence of SM on surface-layer atmosphere. In this case,
different simulations from the control run were performed with varying initial values of
SM. The sensitivity analysis were based on increasing or reducing by 33% the SM level
in order to make the signals attributable to its changes on near-surface meteorology
more apparent.

Accordingly, the aim of our study is to investigate the possible impacts of SM
variations by using the latest version of the RAMS model (Pielke et al. 2013) (\ersion
6.0). Here, the intention is double. On the one hand, the primary objective of the current
paper is to assess the influence in RAMS responses to modified initial SM conditions
under mesoscale circulations. Contrary to the previously mentioned studies, we start
with a RAMS control run that corresponds to the SM homogeneous initialization used
within the OFS. In this case, a low value of 0.20 m®m™ was used to perform the RAMS
operational simulations. Then we progressively increased this initial volumetric SM by

50%, 75%, 90% and 100% with respect to the CTRL run, as explained in detail in the



next section. On the other hand, the second objective of this paper is to compare the
RAMS forecasts with surface and upper air observations so as to determine whether
there is a SM value able to reproduce the measurements with a better accuracy with the
aim of improving the OFS original results. To do this, we have focused on two selected
events from the 2011 summer season: 25-26 June and 11-12 August. The idea was to
choose one event at the beginning of the season and another one during the same
season, to test whether differences on mesoscale circulations arise within the summer. In
addition, the former was selected corresponding to a situation where clear skies
dominated the atmospheric conditions and the latter was selected as a situation with
cloudiness prone to precipitation and summer storms inland (Teruel Province, Fig. 1;
Azorin-Molina et al., 2014).

The paper is organised as follows: Section 2 contains a description of the study
area as well as the model configuration and the observational datasets used. In addition,
a detailed description of the experimental design is also provided in this section. In
section 3, we introduce the synoptic framework for the simulated periods and the model
results. Finally, section 4 is devoted to the concluding remarks.

2. Site characterisation, model aspects and methodology.

The area of study is located on the East coast of the Iberian Peninsula. This
region is bordered by the Mediterranean Sea in its Eastern part and surrounded by high
mountain ranges, exceeding 1,500 m height, near the coast (Fig. 1). Solar heating in this
area frequently creates thermally induced mesoscale circulations that develop under
clear sky conditions, with strong diurnal variations, and with patterns and intensities
that depend on the regional surface energy budget and orography (Pérez-Landa et al.,
2007). In order to clarify the discussion of results, several identifiers have been included

in Fig. 1.



As it has been pointed out, the atmospheric model used in this study is the
RAMS model (Cotton et al., 2003; Pielke, 2013), in its version 6.0. The model’s domain
consists of three nested domains (Fig. 1). The coarser domain (D1) covers the Southern
part of Europe at a 48-km horizontal grid resolution and the Mediterranean. The purpose
of the domain is to simulate the synoptic features that influence the region of study. The
first nested domain (D2) covers the Iberian Peninsula and the Western Mediterranean
with a grid resolution of 12 km. Finally, a finer domain (D3) includes an area of Eastern
Spain and its adjacent sea with a horizontal grid spacing of 3 km. In addition, 45 levels
were selected in the vertical following a stretched scheme, with a 30-m spacing near the
surface increasing gradually up to 1,000 m near the top of the model at about 16,000 m
and with 15 levels in the lower 1,000 m. Due to the staggered coordinate system, the
lowest model vertical coordinate was located at about 15 m AGL.

RAMS was initialised with the Kuo-modified parameterization of sub-grid scale
convection processes applied to the coarse domain (Molinari et al., 1985), whereas grids
2 and 3 utilized explicit convection only. Besides, the Mellor and Yamada (1982)
scheme is used, as representation of the PBL and surface layer turbulence, along with 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). The cloud and
precipitation microphysics scheme from Walko et al. (1995), was applied in all the
domains. Finallyy, RAMS 6.0 was coupled with the Land Ecosystem-Atmosphere
Feedback model (LEAF-3), so as to account for the heat and moisture exchange
between the soil, vegetation, canopy, surface water and atmosphere; see Walko et al.
(2000) for detailed model descriptions.

RAMS was initialized with the National Centre for Environmental Prediction

(NCEP) Global Final Analysis (FNL) at 6 h intervals and 1 x 1 degree resolution



globally. In addition, a Four-Dimensional Data Assimilation (FDDA) technique was
applied to define the forces at the lateral boundaries of the outermost five grid cells of
the largest domain.

As said in the previous section, two different mesoscale frameworks were
selected: 25-26 June and 11-12 August 2011. Both atmospheric situations were
characterized by the development of the Iberian Thermal Low (ITL; Millan et al., 1997;
Millan et al., 2000). For the first period, clear conditions were established over Eastern
Spain. For the second period, fair weather was observed on the 11 August as well. Still,
a significant cloudiness was detected on the 12 August inland (Teruel Province: Fig. 1)
in the morning. This environment developed throughout the day, reaching pre-coastal
and coastal areas in the afternoon, leading to precipitation storms in Teruel and
Castelldn (Fig. 1). Southern areas, such as Alicante, Valencia and Murcia, showed, in
general, a cloudless situation, and remained under the influence of mesoscale
circulations, even though clouds spread over this area in the late afternoon.

For each of the selected periods, SM was progressively increased until the
control (CTRL) simulation SM doubled, using 11 soil levels with higher resolution on
the uppermost layers down to a depth 50 cm below the surface for the soil model. The
surface energy budget is represented by LEAF-3, which partitions the net radiation into
sensible, latent (evaporation plus transpiration), and soil heat fluxes. This scheme
includes prognostic equations for SM and soil temperature for multiple layers which are
specified by explicit levels in the RAMS initialization. As a result, soil and snow are
divided into multiple vertical levels, and vegetation and canopy air are represented by a
single level (Walko et al., 2000). The modification of the SM parameter for the
sensitivity experiments consists of progressively increasing the initial volumetric SM by

50%, 75%, 90% and 100%, taking the following values: 0.20 (SM20, and corresponding



to the CTRL run), 0.30 (SM30), 0.35 (SM35), 0.38 (SM38) and 0.40 (SM40) m°m™,
These SM values are homogeneously applied for the whole simulation domain in the
model initialization. Thus, a total of five simulations were carried out for both periods.
Each simulation was performed for 60 h, with a temporal resolution of 1 h, starting at
12 UTC 24 June 2011 to 25-26 June for the atmospheric situation and at 12 UTC 10
August 2011 to 11-12 August 2011 for the framework. The first 12 h were treated as a
spin-up period to avoid possible problems related to this initialization. Consequently,
the analysis was performed using the remaining 48 h.

In terms of observational datasets, the Spanish Ministry of Agriculture, Food and
Environment operates an automatic surface weather station network through the SIAR
(Sistema de Informacion Agroclimética para el Regadio; Agroclimatic Information
System for Irrigation) system. Data from 5 automatic meteorological stations from this
network were used to compare with RAMS (Fig. 1). Hourly measures of near-surface
temperature, relative humidity, wind speed and direction, and incoming solar radiation
from the SIAR stations are available. Likewise, vertical profiles for these
meteorological variables corresponding to the 00Z and 12Z Murcia (MUR; Fig. 1)
soundings are included and compared with the model. Finally, the down-welling surface
short-wave radiation flux (DSSF), obtained by means of the SEVIRI sensor is used to
perform a spatial comparison for the RAMS-simulated incoming solar radiation. The
method used to retrieve this magnitude for the DSSF product is based on the framework
of the OSI SAF (Brisson et al., 1999). This model is designed to compute the effective
atmospheric transmittance, applying a clear or cloudy sky retrieval method depending
on cloud cover. This latter parameter is provided by the cloud mask developed by the
present existing and very short-range forecasting, which is integrated in the LSA SAF

operational system (Geiger et al., 2008; LSA SAF, 2015).



3. Results and Discussion
3.1. Comparison between model and measurements

All model runs reveal a general over-estimation of the incoming solar radiation,
when lower than 50 W/m? (Fig. 2). However, for the 26 June 2011 more differences
were observed between SM40 and the other RAMS configurations (Fig. 2c,e,g), where
the former under-estimates the observations as well as the results produced by the other
cases of initial SM distributions. These deviations have their influence on the
temperature field (Fig. 3c,e,g), with an under-estimation of the maximum temperature
compared to the one obtained for the other days of simulation. On the other hand, both
SM38 and SM40 were forecasting clouds the 12 August toward the coast (Fig. 4d,e). In
this case, although the observations show a small cloudiness (Fig. 4f), it is not captured
by the lowest SM values contents (Fig. 2b; Fig. 4a,b,c). SM40 simulates clouds over a
wider extension than the other initial SM configurations (Fig. 2d; Fig. 4). In this regard,
considering the spatial distribution of the incident surface flux of shortwave radiation,
Fig. 4d shows that SM38 reproduces the observations better (Fig. 4f) when compared to
the SM40 simulation (Fig. 4e).

SM content directly influences the evolution of surface-layer meteorological
variables, particularly in the daytime temperature (Husain et al., 2014), as shown in Fig.
3. As expected, increasing the initial SM reduces the daytime 2-m temperature, whereas
decreasing the initial SM has the opposite effect in all stations. Although there is not a
unique initial SM that better fits all stations, it is observed that, in general, a high SM
value is required in order to reproduce the observations. In this sense, Fig. 3 shows that
SM38 and SM40 are the simulations with a better performance for the two selected
periods. However, in some cases, such as XAT station (Fig. 3e), low SM values show

the best performance while forecasting the daytime temperature. Additionally, it is



observed that RAMS does not reproduce significant differences when using the lowest
SM values. In this regard, SM30 offers rather similar results to SM20. In the same way,
SM35 shows similarities with SM30. However, a slight variation in SM when
considering high values of this magnitude (SM38 and SM40), produces more
differences in the model results than when using a larger variation, when considering
lower values of this parameter (SM20, SM30 and SM35). Finally, although significant
differences are obtained at daytime, the deviation among the distinct simulations is
considerably reduced at night time. As a result, varying the SM content has a significant
impact on daytime temperature, whereas the night time one remains practically
unchanged in general.

In terms of relative humidity (Fig. 5), higher values of initial SM reproduce the
daily evolution of this magnitude in a better way, although with more difficulties than in
the case of temperature. This result is obtained for both periods of simulation. In
addition, not only do SM38 and SM40 better capture the night time relative humidity
but they also reproduce the daytime value rather more accurately. In this regard, Fig. 5
shows that the significant difference reproduced by the model in relation to the
observations during the night within the SM20 simulation is notably reduced using the
highest values of SM. On the contrary, some stations still show a visible
underestimation for the SM40 run. However, in these cases, it is observed that a bias of
about 40% obtained using the SM20 simulation are reduced to differences below 20%
having used the SM40 for the June period (Fig. 5a,c), and even lower for the August one
(Fig. 5b,d). For inland stations within more complex terrain (Fig. 5i,j), although
increasing the initial SM content has a positive impact on the simulated relative
humidity at night time, higher values of SM produce an over-estimation of this field

during the day, which isn’t observed when using lower values of SM, such as the SM20



and the SM30 simulations, where the model remains closer to the observations. Finally,
using these low SM contents, we observe a general trend for the moisture field to
decrease as the simulation progresses.

The evolution of the 10-m wind speed is presented in Fig. 6. During night time,
this magnitude is practically unaffected by any modification in the initial SM content,
with the exception of more complex terrain (Fig. 6i,j). However, more differences are
observed during the day when considering SM40 in relation to the other SM contents. In
this regard, RAMS simulations are more windy when dryer SM values are used in the
model initialization. Nevertheless, the effect of moistening the soil has no a significant
impact on the 10-m wind speed for stations over coastal and pre-coastal terrain where
the orography is not as complex as inland. In the former case, the observations offer
values between 2 and 3 m/s, while the model shows values higher than 5 m/s, thus
overestimating this meteorological magnitude. In the latter case, although the model still
simulates 10-m wind speed around this last value, the observations are as high as 5 m/s
as well. As a result, for inland stations, the model reproduces the observations properly,
following the diurnal variation observed (Fig. 6g,h,i,j).

Fig. 7 shows that RAMS generally captures the diurnal cycle of the simulated
periods quite well, characterized by the daytime development of the sea-breeze
advecting air from sea to land, followed by night time surface draining winds oriented
from land to sea (Pérez-Landa et al., 2007), and considering the different RAMS
simulations. In addition, the u-component is well captured by RAMS generally.
However, some differences are found in terms of the wind components over coastal and
pre-coastal locations. Considering the SAN and SEG stations, even though the trend of
the v-component is properly reproduced by RAMS, this magnitude is overestimated at

daytime. In this regard, Fig. 7a-d shows a deviation of the simulated daytime v-



component to the North compared to the observations. In contrast, the model presents
more difficulties while forecasting the observed wind direction for XAT station. In this
case, the observations show a northerly wind while RAMS simulates a well established
easterly wind flow over this area. Besides, Fig. 7 shows that similar results are obtained
for the two simulated periods in all cases. Contrasting this figure with Fig. 6, the model
behaviour for inland and coastal stations is exposed in terms of the 10-m wind speed.

Different vertical profiles for the MUR sounding (Fig. 1), as predicted by the
model for the different SM runs, are shown in Fig. 8 and Fig. 9 for the June and August
periods, respectively. Once again, and similar to the near-surface results, the wind
direction shows rather small differences between the model and the observations aloft.
Fig. 8g,h and Fig. 9g,h show that not only does RAMS capture the near-surface wind
direction very well, but also the observed values aloft. In general, RAMS shows a
tendency to overestimate the wind speed within the lower troposphere with the opposite
trend in upper levels. This result is obtained for all SM contents. During the day, Fig. 8e
and Fig. 9f expose that the highest differences within the lower troposphere are obtained
using the SM20 simulation. However, at night the opposite trend is observed.
Additionally, the night time wind speed for 11 August 2011 is captured very well by
RAMS using the different SM runs (Fig. 9e).

SM40 simulates a colder (Fig. 8a,b and Fig. 9a,b) and moister (Fig. 8c,d and Fig.
9c¢,d) planetary boundary layer (PBL) than the other SM runs both at night and daytime.
However, the largest differences, about 3K, are obtained during the day, they are then
reduced at night, but with the same trend observed during the daytime. In general, the
model shows a tendency to underestimate the mixing layer height compared to the
observations. In both periods of simulation, the observed mixing layer height is located

at about 1,000 m or higher, while the model locates this layer at about 800-900 m.



Finally, contrasting the distinct SM simulations for the location of the mixing layer
height, Fig. 8 and Fig. 9 displays that this layer remains practically unchanged when
drying or moistening the soil, slightly enhanced with the lower SM values. Thus, higher
initial SM contents do not have a significant impact on the location of the mixing layer
height over flatter terrain. Still, as we will see in the next section, differences in SM
have a notable impact over more complex terrain.
3.2. Evaluation of simulated PBL parameters

With the aim of evaluating the sensitivity of RAMS-forecasts PBL parameters to
varying conditions of SM, this section focuses attention on several variables directly
related to the boundary layer processes. This analysis includes the latent and sensible
heat fluxes, the long-wave upward radiation and the evaluation of the mixing layer
height. Although the availability of measurements of these magnitudes would be truly
valuable in order to investigate the accuracy of the model in forecasting different
physical processes, no information on these parameters is available over this area of
study. However, its comparison of the different SM simulations is still extremely useful
as it obtains a deeper understanding of the differences obtained in other available
variables, such as those presented in the previous section. This is true considering that
PBL parameters affect near-surface magnitudes such as temperature, relative humidity
and the wind field. In this regard, it is well known that increased values of available SM
result in enhanced evapotranspiration and greater use of daytime radiative energy for
latent heat flux that eventually reduces sensible heat flux from the surface to the
atmosphere (Husain et al., 2014). As a result, wet soil is generally linked to lower
daytime heating of the near-surface atmosphere through release of sensible heat from
the surface, and by extension to a lower daytime maximum temperature, as it has

already been seen before. As also mentioned in the previous section, the main



differences of the SM modification are obtained during the day, while very low
differences are observed at night time.

Thus, we will focus on analysing different PBL magnitudes in order to quantify
the differences among the distinct RAMS SM simulations. The first variable examined
iIs the latent heat flux. Fig. 10, which presents the evolution of this magnitude for the
two simulated periods. In both cases, we can see that the latent heat flux rises when
increasing the initial SM content. Although the SM20 presents values of latent heat
around 20-30 W/m? in general, SM40 reproduces values between 300 and 400 W/m?.
Comparing SM40 with SM38, differences higher than 100 W/m? are obtained in pre-
coastal locations. However, these differences are reduced to half for inland station,
located in more complex terrain (Fig. 10g,h). The results obtained for individual stations
are also illustrated in Fig. 11 for domain D3. This figure shows the distribution of the
differences in the latent heat flux between each sensitivity test and the control run. In all
cases, a negative bias is obtained for the distinct sensitivity tests. However, a
remarkable contrast is observed among the different RAMS runs. For example,
differences in the latent heat flux lower than 60 W/m? between SM30 and SM20 (Fig.
11a) reach values higher than 300 W/m? when subtracting SM40 from SM20. In this
regard, Fig. 11 emphasizes how raising the initial SM content is translated into an
increase in the latent heat flux within the whole region. Besides this, a descending trend
in the latent heat flux was obtained in the second day of simulation, where the deviation
from the values observed within the first day suffered a decrease of about 100 W/m?,
with a smaller difference inland (Fig. 10h,j). In general, a specific distribution of the
latent heat flux is reproduced by RAMS. However, this magnitude presented a wide
spread on the 12 August 2011 (Fig. 10j), where precipitation took place in the Teruel

Province (not shown). In this case, we see that the latent heat flux rises in the first half



of the day, reaching values higher than 400 W/m? at noon, with a significant difference
(about 200 W/m?) between SM40 and SM38. From this time on, SM40 reproduces low
values of the latent heat flux, while drier SM simulation (SM20 and SM30) reproduces
a sharp distribution of this magnitude. This behaviour of the model was already
observed within the second half of the 11 August 2011 (Fig. 10j), but not to the same
extent as on the 12 August 2011. This reduction of the latent heat flux simulated by
SM40 in VQM station is associated with a greater cloudiness in the area where this
station is located compared to the one reproduced by the other SM contents (Fig. 4).
This contrasting result can be seen in Fig. 10j with Fig. 2j. In this regard, condensation
occurs in the model in the second half of the day both on 11 and the 12 August 2011. At
VQM station, the model produces approximately 2.6 mm of precipitation on the 11
August 2011. In this case, the shortwave radiation observations (Fig. 2j) and satellite
observations (Fig. 4) indicate the formation and development of cloudiness over this
area. However, although the model using high SM values, specifically SM38 and SM40,
produced a slight precipitation within the central part of this day, no precipitation was
observed. However, on the 12 August 2011, precipitation is observed and forecasted. In
this case, the model starts precipitation before the observations and with a significant
initial discharge using SM40. In fact, the model remains closer to the observations
drying the soil (not shown). Fig. 10b,d also shows this behaviour with a sharp decrease
of the latent heat flux at about 15 UTC and ahead.

The sensible heat flux is included in Fig. 12. In general, values between 300 and
400 W/m? are reproduced by the model at noon for the SM38 and SM40 simulations,
while values between 500 and 600 W/m? are reproduced for the simulations with the
lowest initial SM content. Specifically, the differences between SM20 and SM40, reach

values up to 200 W/m? in the coast and pre-coastal sites. The difference between the two



SM extremes is significantly reduced inland. In order to support these results found at
individual stations, maps for the differences in the sensible heat flux between each
sensitivity test and the control run within domain D3 are included in Fig. 13. In contrast
to the negative bias obtained for these differences in the simulated latent heat flux, the
opposite trend is obtained for the distinct sensitivity tests in connection with the sensible
heat flux. However, once again a remarkable contrast is observed among the different
RAMS runs. In this case, differences in the sensible heat flux higher than 60 W/m?
between SM30 and SM20 (Fig. 13a) reach values higher than 300 W/m? when
subtracting SM40 from SM20, especially considering coastal and pre-coastal locations.
Besides this, these divergences are reduced in the second day of simulation in
comparison with those obtained within the first day. The instability observed inland in
the August period may be seen in Fig. 12j, as well as specifically considering the second
day of simulation. This figure reflects clearly the differences in the magnitude of the
sensible heat flux among stations located in distinct orographic features. In addition, it
represents the divergences under different stability conditions. Fig. 12 shows that the
maximum of sensible heat flux is delayed when moistening the soil. Comparing this
maximum with the daily maximum temperature (Fig. 3), it is observed that the last one
is also delayed for the highest SM values compared to the lowest SM contents. This
result is the reflection of the usage of the daytime available energy for latent heat flux
that eventually reduces sensible heat flux from the surface to the atmosphere (Husain et
al., 2014).

On the other hand, increasing the initial SM content in the simulation, produces
a decrease of the longwave upward radiation. Differences of the order of 25-50 W/m?
are observed in general between SM20 and SM40 (not shown). The values in this

magnitude produced by the model have their correlation with the 2-m temperature



included in Fig. 3. The daily maximum longwave upward radiation is delayed for about
one hour for the highest SM value in relation to the lowest SM content. A slight delay in
this magnitude is observed in between. This outcome produces, as mentioned in the
previous section, a delay in the diurnal heating and, as a result, the maximum
temperature is reached later (Fig. 3). Thus, the lowest SM contents produce warmer and
dryer environments, as shown in Figs. 10 and 11, while the highest ones simulate colder
and wetter environments.

We would also like to investigate the influence of varying the SM content on the
behaviour of the mixing layer height. In order to fulfil this purpose, the potential
temperature and the water vapor mixing ratio (Fig. 12) are included in this section for
the different weather stations and at 15 UTC corresponding to the first day of
simulation. In general, the mixing layer height and the boundary layer structure are
rather similar for the two selected periods. In this regard, boundary layer structures are
well defined within a height of approximately 500 m over flatter terrain (Fig. 12a,b).
Over these areas, even though differences appear among the distinct SM initializations
in terms of both the temperature and the humidity fields, little deviation is obtained in
the mixing layer height among these RAMS simulations. However, the influence of the
mountainous emplacements is well reflected in Fig. 12g,h. In this case, a significant
difference is observed when comparing the temperature and the humidity fields
produced by the distinct initial SM contents. On the one hand, moistening the soil
shows an increase of the mixing layer height of about 500 m for the VIL station. This
behaviour is obtained from the two selected periods using the two extremes of SM
content. On the other hand, in VQM, the effect of moistening the soil is the opposite,
with a strong deepening of the mixing layer height using the lowest SM value. In this

case, differences of approximately 1,500 m are found. Fig. 12j shows a strong inversion



layer, with a sudden change in the water vapor mixing ratio. Over this area, a high value
of the relative humidity field, higher than 95%, is simulated by SM40, lowering the
near-surface temperature by more than 10 °C in relation to the temperature obtained
using SM20 (not shown). In addition, the differences found between VIL and VQM in
the mixing layer height seem to be associated with the simulated vertical wind speed.
Even though both stations are located inland, the vertical wind speed trend over VIL,
changes dramatically in more complex terrain (VQM). In this latter case, the lowest SM
values produce a vertical development due to the arrival of warmer and drier air to this
area (Fig. 12i). Contrary to this, the highest SM values simulate a sinking of air over
VQM but not over VIL (not shown). Thus, the development of the sea-breeze shows
little differences in flatter terrain, as was also shown in the MUR sounding (Figs. 7 and
8). On the other hand, changing the initial SM content has a significant effect on the
development of the sea-breeze inland. In this case, the differences among the SM
simulations depend on the location of the station.
4. Conclusions

This paper evaluates the response and impact of the RAMS-forecasts to
modified SM conditions under typical summer mesoscale circulations over Eastern
Spain. Two different conditions have been selected, one at the beginning of the summer
season (25-26 June 2011) and the other one further into the season (11-12 August 2011).
A suite of experiments for both atmospheric conditions have been designed, consisting
of five single simulations in which the original low SM content is progressively
increased until double its value. In this regard, five different SM values have been used:
0.20, 0.30, 0.35, 0.38 and 0.40 m®m™. The lowest SM content is the one originally used
within the operational weather forecasting system implemented over this region, based

on this mesoscale model. Previous results obtained using this system for the whole 2011



summer season (June-August) led to a difficulty in forecasting the night time near-
surface relative humidity, with a tendency to significantly underestimate it, and a
relevant overestimation of the daytime 2-m temperature. In this regard, the global bias
score of 0.3 °C obtained at night time rises to 3 °C during the day (Gomez et al., 2014;
Gomez et al., 2015).

The main aim of this study is focused on trying to improve the original results
based on the SM initialization. The results show that moistening the soil has a
remarkable and positive impact on the simulation of the observed temperature and
humidity. In terms of temperature, moistening the soil reduces the daytime bias notably,
while still maintaining a low bias at night. Therefore, the forecast of maximum
temperatures has been significantly improved while the skilful results already obtained
in previous works for the minimum temperatures remain nearly unchanged. In this
regard, it has been observed that increase SM results in increase latent heat flux and
decrease sensible heat flux, while decrease SM results in decrease latent heat flux and
increase sensible heat flux.

Additionally, it seems that RAMS is more sensitive to moistening the soil than to
drying it. In this regard, model simulations show that a slight difference at high SM
content produces more differences among them than a larger modification of the SM at
lower values. Furthermore, applying the lowest SM contents, a greater bias in the
moisture field is observed as the simulations progresses in comparison with that
obtained on the first day of simulation. This result is not that clear in the highest SM
contents.

Although a concrete SM value has not been detected to better fit the
observations, it has been found that it is essential in general to increase the initial SM

content in order to reproduce the observations. Still, some locations fit the



measurements in a better way by using the lowest SM value, as is the case of XAT
weather station (Fig. 1). It must be remembered here that a homogeneous initialization
has been used in the current study. Therefore, the results obtained indicate that a
heterogeneous SM initialization could probably produce a better tuning of the model in
relation to the observations. Thus, additional studies on this issue should be performed
in the future to assess the model sensitivity to heterogeneous information. In this regard,
the use of remote sensing products, particularly those retrieved from the Soil Moisture
and Ocean Salinity (SMOS) satellite, will be used in order to evaluate the potential
usefulness of this data for RAMS initialization and assimilation.

On the other hand, in those areas where a well established mesoscale circulation
is observed, the results obtained for the two selected periods are rather alike.
Consequently, it seems that systematic errors are found and also improved on,
depending on the initial SM content for the simulation of these sort of atmospheric
conditions.

In summary, the current study highlights that a simulated colder and wetter
environment is needed in order to faithfully reproduce the measured 2-m temperature
and the near-surface relative humidity daily cycles. This can be achieved varying the
initial SM content. Consequently, moistening the soil not only improves, in general, the
modelling of these magnitudes on the surface but also in upper levels. However, the
improvement detected for the thermodynamic variables is not reflected in the wind
speed over flatter terrain. In this regard, modifying the SM has little effect on the model
output, thus supporting the overestimation already found for this magnitude using the
original SM content (0.20 m®m™ ). Therefore, additional studies should be performed
with the aim of trying to simulate wind speed closer to the observations under the

corresponding atmospheric and geographical conditions covered in this work.
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Figure captions

Fig. 1. Simulation domain specification and orography (m) of the RAMS model on
domain D1 in addition to the weather station sites and orography for the finer domain
(D3).

Fig. 2. Time series of observed (triangle) and simulated (solid lines) incident surface
flux of shortwave radiation (W/m?), for different surface weather stations during the
June period (left): SAN (a), SEG (c), XAT (e), VIL (g), VQM (i), and the August period
(right): SAN (b), SEG (d), XAT (f), VIL (h), VQM (j).

Fig. 3. Same as Fig. 2, but for the 2-m temperature (°C).

Fig. 4. Comparison of the incident surface shortwave radiation flux (W/m?) over
domain D3 on 12 August 2011 at 15 UTC: SM20 (a), SM30 (b), SM35 (c), SM38 (d),
SM40 (e), down-welling surface shortwave radiation flux (DSSF), obtained by means of
the SEVIRI sensor ().

Fig. 5. Same as Fig. 2, except for the near-surface relative humidity (%).

Fig. 6. Same as Fig. 2, except for the 10-m wind speed (m/s).

Fig. 7. Same as Fig. 2, except for the 10-m u-component and the 10-m v-component of
the wind (m/s).

Fig. 8. Observed (triangle) and simulated (solid lines) vertical profiles for the MUR
sounding station and for the June period. 25 June at 12 UTC (left): potential
temperature, (K; a), relative humidity (%; c), wind speed (m/s; e) and wind direction (;
g). 26 June at 00 UTC (right): potential temperature, (K; b), relative humidity (%; d),
wind speed (m/s; f) and wind direction (°; h).

Fig. 9. Same as Fig. 7, but for the August period: 11 August at 00 UTC (left) and 11

August at 12 UTC (right).



Fig. 10. Comparison of simulated latent heat flux (W/m?), for different surface weather
stations during the June period (left): SAN (a), SEG (c), XAT (e), VIL (g), VQM (i), and
the August period (right): SAN (b), SEG (d), XAT (f), VIL (h), VQM (j).

Fig. 11. Comparison of the latent heat flux (W/m?) spatial distribution over domain D3
on 25 June 2011 at 12 UTC: SM20-SM30 (a), SM20-SM35 (b), SM20-SM38 (c),
SM20-SM40 (d).

Fig. 12. Same as Fig. 10, but for the sensible heat flux (W/m?).

Fig. 13. Same as Fig. 11, but for the sensible heat flux (W/m?).

Fig. 14. Comparison of simulated water vapor mixing ratio (g/Kg; left) and potential
temperature (C; right) vertical profiles, 25 June 2011 at 15 UTC (left): SAN (a), SEG
(c), XAT (e), VIL (g), VQM (i), and 11 August 2011 at 15 UTC: SAN (b), SEG (d),

XAT (f), VIL (h), VQM (j).



50N

48N

46N

42N

40N

38N

JoN

32N

30N

28N

26N

D1

Murcia
MURA

Figure 1

“g3EREEdE

<1 1 | oSS



)
“ 4200 SAN “ 4200 SAN

1000 | 1000 |
800 1 800 1
S S
E E
S 600 | S 600 |
) )
o o
400 | 1 400 | 1
200 200
o A o j
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time UTC (h) Time UTC (h)
Obs - SM30 SM38 —— Obs - SM30 SM38 ——
SM20 ——  SM35 SMap —— SM20 ——  SM35 SMap ——
4200 SEG “ 200 SEG
1000 1000 +
800 | 1 800 | 1

400 | 1 400 | 1
200 200
O L 1 i i L I O n L n i
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time UTC (h) Time UTC (h)
Obs - SMA0 V38 —— Obs - SM30 SV3E ——
SM20 —— SM35 SM40 —— SM20 —— SM35 SM40 ——
“ 4200 XAT 4200 XAT
1000 1000
800 1 800 1

00 | . 400 | .
200 | 200 |
0 T ol L
0 6 12 18 24 30 36 42 48 0o 6 12 18 24 30 42 a8
Time UTC (h) Time UTC (h)
Obs =+ SM30 SM38 —— Obs - SM30 SM38 ——
SM20 SM35 SM40 —— SM20 SM35 SM40 ——
4200 ViL " 4200 ViL
1000 | 1000 |
800 1 800 r 1

400 + 1 400 + 1
200 200
0 i ] { j i 0 A L i .
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time UTC (h) Time UTC (h)
Obs -  SM30 SM38 — Obs -  SM30 SM38 —
SM20 —— SM35 SM40 —— SM20 —— SM35 SM40 ——
“ 1200 vam " 4200 vam
1000 1000
800 r 1 800 r 1
o o
E E
z 800 z 600
) )
o o
400 + 1 400 1
200 200
O i O i il L
0 [ 12 18 24 30 38 42 48 0 [ 12 18 24 30 38 42 48
Time UTC (h) Time UTC (h)
Obs -  SM30 SM38 —— Obs -  SM30 SM38 —|
SM20 —— SM35 SM40 —— SM20 —— SM35 SM40 ——

Figure 2



45

SAN

T(C)

10

6 12 18 24 30 36 42
Time UTC (h)
Obs - SM30 —— SM38 —
SM20 SM35 SM40 ——
SEG

6 12 18 24 30 36 42
Time UTC (h)
Obs - SM30 —— SM38 —
SM20 —— SM35 SM40 ——
XAT

6 12 18 24 80 36 42
Time UTC (h)
Obs - SM30 —— SM38 —
SM20 —— SM35 SM40 ——
VIL

6 12 18 24 30 3 42
Time UTC (h)
Obs -« SM30 —— SM38 —
SM20 —— SM35 SM40 ——
vam

6 12 18 24 30 36 42
Time UTC (h)
Obs + SM30 —— SM38 —
SM20 —— SM35 SM40 ——

Figure 3

(b)

T(C)

T(C)

T(C)

45

SAN

40

10

6 12 18 24 30 36 42
Time UTC (h)
Obs - SM30 ——  SM38 —
SM20 SM35 SM40 ——
SEG

6 12 18 24 30 36 42
Time UTC (h)

Obs - SM30 —— SM38 —

SM20 —— SM35 SM40 ——

6 12 18 24 30 36 42
Time UTC (h)
Obs - SM30 —— SM38 —|
SM20 ——  SM35 SM40 ——
VIL

6 12 18 24 30 36 42
Time UTC (h)
Obs - SM30 —— SM38 —
SM20 ——  SM35 SM40 ——
vaMm

6 12 18 24 30 36 42
Time UTC (h)
Obs - SM30 —— SM38 —
SM20 —— SM35 SM40 ——




(a)
40.8N

40.5N

40.2N

39.9N

39.6N

393N

latitude [degree]
2

38.7N

38.4N

38.1N

37.8N

1.5% 1.2w 09w 06w 0.3% 0 0.JE 0.6E

longitude [degree]
(d)

egree]

Z 3038

latitude
g

38.7N

384N

38.1N

37.8N

1.5W 1.2w 0.9% 0.6W 0.3% 0 0.JE 0.6E

longitude [degree]

Figure 4

(b)
40.8N

405N
02N S
39.9N
396N

393N

latitude [degree]
2

38.7N

38.4N

38.1N

37.8N

1.5% 1.2w 09w 06w 0.3% 0 0.JE 0.6E

longitude [degree]

latitude

384N

38.1N

37.8N

1.5W 1.2w 0.9% 0.6W 0.3% 0 0.JE 0.6E

longitude [degree]

(e}

latitude [degree]
2

38.7N

38.4N

38.1N

37.8N

1.5% 1.2% 0.9w 06w 0.3w O 0.3E 0.6E
longitude [degree]

39.6N

393N r

39N

38.7N

384N

38.1N

37.8N

1.5W 1.2w 0.9%w 0.6W 0.3% 0 0.JE 0.6E




(a)

RH(%)

RH(%)

(b{ 00

g
I
[
20
10
0 ] 0 b s
0o 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time UTG (h) Time UTG (h)
Obs - SMao  SMas Obs - oMao oM@ ——
SM20 —  SM35 SMap — SM20 —  SM35 SMa0 —
00 SEG @00 SEG
g
I
[
10 10
0 * — 0 ' —
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time UTG (h) Time UTG (h)
Obs - SMA0 —— SM38 — Obs - SMA0 —— SM3@ —
SM20 —— SM35 SMap —— SM20 —— SM35 SMd0 ——
(e) ('IIDG XAT
g g
X I
o o
0 T T 0 — —
0 6 12 18 24 30 36 42 48 6 12 18 24 30 36 42 48
Time UTC (h) Time UTC (h)
Obs - SMa0o  SM3E —— Obs - SMao  oM3@ ——
SM20 SM35 SMa0 —— SM20 SM35 SMd0 ——
® oo viL

VIL

Yoo

2 2
I I
[/ [is
0 i i i i i i
0 6 12 18 24 30 36 42 48
Time UTC (h)
Obs - SM3a0  SM3s ——
SM20 ——  SM35 SM40 ——
"’1 00 vam
g
I
[+«
0 i ‘ i I j i i
0 6 12 18 24 30 36 42 48
Time UTG (h)
Obs - SMao —— SM3as —
SM20 —— SM35 SM4p ——

Figure 5

RH(%)

0 6 12 18 24 30 36 42
Time UTC (h)
Obs - SM30  SM38 ——
SM20 —  SM35 SMa0 ——

10
0 i i j ‘ i i
0 6 12 18 24 30 36 42
Time UTC ()
Obs - SM30 — ©oM38 —
SM20 —— SM35 SMd0 ——




@ SAN (®) 30 SAN

30
25 25
20 1 20 1
@ @
£ £
= =
10 F 1 10 F 1
5 5
0 Smaa ] e 0
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time UTC (h) Time UTC (h)
Obs - SM30 —— SM38 — Obs - SM30 —— SM38 —
SM20 ——  SM35 SMd0 —— SM20 —— SM35 SMd0 ——
© 30 SEG (@ a0 SEG
25 25
20 1 20 1
w @
s G
= =
10 F 1 10 F 1
5 A j‘\m 5 A ,,m
o TN T T o AR, N
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time UTC (h) Time UTC (h)
Obs - SMa0 — SM38 —— Obs - oMa0 — SM38 ——
SM20 —— SM35 SM40 —— SM20 —— SM35 SM40 ——
@ XAT ® XAT
25 25
20 1 20 1
w @
Eis Es
= =
10 b 1 10 b 1
: : /\Q
0 : = 0 Baass AT
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time UTC (h) Time UTC (h)
Obs - SMa0 — SM38 —— Obs - oMa0 — SM38 ——
SM20 —— SM35 SM40 —— SM20 —— SM35 SM40 ——
@ VIL LI VIL
25 25
20 1 20 1
@ @
£ £
= =
10 F 1 10 F 1

0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48

Time UTC (h) Time UTC (h)
Obs - SM30 —— SM38 — Obs - SM30 —— SM38 — |
SM20 —— SM35 SM40 —— SM20 —— SM35 SM40 ——
o 30 vam ] 30 vam
25 25

0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time UTC (h) Time UTC (h)
Obs - SM30 ——  SM38 — Obs - SM30 ——  SM38 —
SM20 —— SM35 SM40 —— SM20 —— SM35 SM40 ——

Figure 6



(a)

SAN

CHhARONLE®

6 12 18 24 30 36 42
Time UTC (h)
Obs + SM30 —— SM38 —
SM20 —— SM35 SM40 ——

SEG

6 12 18 24 30 36 42
Time UTC (h)
Obs - SMa0  oM38 ——
SM20 —— SM35 SMd0 ——

0 6 12 18 24 30 3 42 48
Time UTC (h)
Obs - SM3a0 —— SMa3s —|
|SM20— SM35 SM40_ ——
(@) 6 VIL

4
2
0
2
4
-6
-8

0 6 12 18 24 30 36 42
Time UTC (h)
Obs - SMa0  oM38 ——
SM20 SM35 SMd0 ——
vaMm

6 12 18 24 30 36 42
Time UTC (h)
Obs + SM30 —— SM38 —
SM20 —— SM35 SM40 ——

Figure 7

HhOoNED®

V(ms)
U(ms)

E

SAN

CHhARONLE®

6 12 18 24 30 3 42
Time UTC (h)
Obs - SM30 —— SM38 —
SM20 —— SM35 SM40 ——

SEG

6 12 18 24 30 3 42
Time UTC (h)
Obs - SMa0  oM38 ——
SM20 —— SM35 SMd0 ——

&

] 12 18 24 30 3 42
Time UTC (h)
Obs + SM30 —— SM38 —
SM20 —— SM35 SM40 ——
VIL

&

6 12 18 24 30 36 42
Time UTC (h)
Obs - SMa0  oM38 ——
SM20 SM35 SMd0 ——
vaMm

18 24 30 36 42

Time UTC (h)
Obs - SM30 —— SM38 —
SM20 —— SM35 SM40 ——

HhOoNED®

Shwonbso®

Shwonbso® HhOoNED®

HhOoNED®

V(m/s)

V(m/s)

V(m/s)

V(m/s)

V(m/s)



(a) [{:)
000 000
4500 4500 ’
4000 | ] 4000 | ]
3500 3500
3000 | ] 3000 | ]
£ 2500 £ 2500
=) =)
2000 ] 2000 ]
1500 1500
1000 - 1000 -1
500 500
0 1 1 n L L 1
290 295 300 305 310 315 320 325 330 335 290 295 300 305 310 315 320 325 330 335
Theta(K) Theta(K)
Obs - SMao S — Obs - SM30 S —
SM20 —— SM35 SMa0 —— SM20 —— SM35 SMag ——
(g) [?g
000 000
4500 : 4500 f °
4000 F  * ] 4000 | _ ]
3500 . 3500 -
3000 | - . 3000 | . ]
E o500 £ 2500
=) =)
2000 ] g2000 ]
1500 1500
1000 | ud 1 1000 | P .
500 500 S .
0 1 1 1 L L L L 0 L 1 1 L )I 1 " -. L L
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
RH(%) RH(%)
Obs - SMao S — Obs - SM30 S p—
SM20 ——  SM35 SMag —— SM20 —— SM35 SMag ——
000 %000
4500 4500
4000 ] 4000 ]
3500 3500
3000 : 3000 :
Eo500 E 500
=) S
2000 ] 2000 ]
1500 1500
1000 ] 1000 ]
500 500
0 L 0 1 L
6 12 15 9 12 15
WS(m/s) WS(m/s)
Obs - SMA0 SV3E — Obs - SM30 SWEE ——
SM20 SMas SMag —— SM20 Smas SMa0 ——
(gﬂﬂﬂ (?000
4500 4500
4000 | ] 4000
3500 3500
3000 | ] 3000
£ o500 £ 2500
5 =)
2000 | 2000
1500 1500
1000 | ] 1000
500 500
0 L A8 A I L I 0
0 60 120 180 240 300 360 0 60 120 180 240 300 360
WD(deg) WD(deg)
Obs +  SMA0 S p— Obs =  SM30 SVEE ——
SM20 SM3s SMa0 —— SM20 SM3s SMa0 ——

Figure 8




(a) (b
000 000

4500 ’ 4500
4000 | 1 4000 | 1
3500 3500
3000 | 1 3000 1
£ 2500 £ 2500
=) =)
2000 1 2000 1
1500 1500
1000 -1 1000 -1
500 500
0 N L L L ¢ L " L L
290 295 300 305 310 315 320 325 330 335 290 295 300 305 310 315 320 325 330 335
Theta(K) Theta(K)
Obs - SM30 ST — Obs - SM30 ST —
SM20 —— SM35 SM40 —— SM20 —— SM35 SMd0 ——
(g) [{:)
000 000
4500 A 4500
4000 | . : 4000 1
3500 3500
3000 + E 3000 + .
E o500 £ 2500
=) : =)
§2000 - 1 §2000 1 1
1500 1500 .
1000 | S 1000 | - .
500 500 .
0 1 1 1 1 1 L L > L 0 L 1 1 L 1 1 L L L
0O 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
RH(%) RH(%)
Obs - SM30 SVEE —— Obs - SM30 ST —
SM20 —— SM35 SM40 —— SM20 ——  SM35 SM40 ——
3000 %000
4500 4500
4000 | X . 1 4000 | T
3500 . 3500 -
3000 | = 1 3000 | 1
Sos00p ,° Sa500 1 -
i’}zono L < 1 -:?E’zono L 1
1500 +* . 1500
1000 | L2 1 1000 1
500 s 500
0 1 1 L L 0 L
0 3 6 9 12 15 0 6 12 15
WS(m/s) WS(m/s)
Obs - SM30 SVEE —— Obs - SM30 SWiE ——
SM20 SM35 SM40 —— SM20 SM35 SMag ——
(9000 (?000
4500 N 4500
4000 | i 1 4000 | 1
3500 - 3500
3000 | ERAAN - 3000 | : g
£ o500 N Eosp0t .
5 g
82000 - 82000 1
1500 . 1500
1000 1 1000 1
500 500
0 0 : . i ‘
120 180 240 300 360 0 60 120 180 240 300 360
WD(deg) WD(deg)
Obs - SM30 SM3s —— Obs - SM30 SWi3s ——
SM20 SM35 SM40 —— SM20 SM35 SM40 ——

Figure 9



SAN

500
400
300
L
E
= 200
T
100
i}
100 ] L i ] i i i
0 6 12 18 24 30 36 42 48
Time UTC (h)
20 — SM35 SMa0 —
SM30 SM38 —
© 500 SEG
400
300
o«
E
= 200
I
100
0
100 ] L i ] i i i
0 6 12 18 24 30 36 42 48
Time UTC (h)
—  SM35 SMa0 —
SM30 SM3g —
“ 500 XAT
400
300
o«
E
=z 200
I
100
0
100 ] | i ] i ] i
0 6 12 18 24 30 36 42 48
Time UTC (h)
20 — SM35 SMa0 —
SM30 SM3g ——
() 500 VIL
400
300 | 1
o«
E
z 200
I
100
[}
100 ] | i ] i I i
0 6 12 18 24 30 36 42 48
Time UTC (h)
—— S35 SMA40 —|
| SM30 SM38 ——
“ 500 vam
400
300 | 1
o
E
= 200
I
100 -
0
100 | L i ] . ] i
0 6 12 18 24 30 36 42 48
Time UTC (h)
@_ —— SM35 SMa0 ——
SM30 SM38 ——

Figure 10

LH(Wm)

LHWm?)

LH(W m?)

LH(W m?)

LH(W m®)

500

SAN

400

-100

6 12 18 24 30 36 42 48

Time UTC (h)
SM20 —  SMa5 SVia0 —— |
SM30 SM3g ——

SEG

-100

500

6 12 18 24 30 36 42 48
Time UTC (h)

SM20 — SM35 SM40 —

SM30 SM38 ——

XAT

-100

500

6 12 18 24 30 36 42 48

Time UTC (h)
20 — SM35 SMa0 — |
SM30 SM38 ——
VIL

400 |

-100

6 12 18 24 30 36 42 48

Time UTC (h)
TEG — SM35 SM40 —
SM30 SM38 ——
vaM

500

-100
0

6 12 18 24 30 36 42 48
Time UTC (h)

Tao —— SM35 SM40 —

SM30 SM38 ——




300 300
40.5N 250 250
200 200
0N 150 150
120 120
100 100
399N 80 80
r LT 8o
% 39.6N ;g % ;g
2. 39.30 0 = 0
5 -0 3 -20
g 39N —40 g —40
= -60 © -60
387N -80 -80
-100 -100
34.4N -120 -120
-150 -150
BAN -200 -200
-250 -250
37.8N ~300 ~300
1.5% 1.2% 0.9W 0.6% 0.3% 0 0.3E 0.5E 1.5% 1.2% 0.9% 0.6% 0.3% 0 0.3E 0.6E
longitude [degree] longitude [degree]
(e) (d)
40.8N
300 300
40.5N 250 250
200 200
0N 150 150
120 120
100 100
399N 80 80
ry s o 8o
D 39.6N ey
g w £ %
2. 39.30 0 = o
=] -0 3 -20
,g 39N —40 g —40
k= -60 © -60
38.7N -80 —-80
-100 -100
38.4N -120 -120
-150 -150
381N =200 =200
—-250 =250
-300

378N A 3 ~300

1.5w 1.2w 0.9w 0.6 C.3W O 0.3E 0.6E

1.5W 1.2w 0.9 0.6w 0.3% O 0.3 D.6E
longitude [degree] longitude [degree]

Figure 11



SAN

HWm?)

0 6 12 18 24 30 36 42 48
Time UTC (h)
— SM35 SMa0 ——
SM30 SM38 ——
© 700 SEG
600
500
o 400
3
= 300
T 200
100
0
-100 ' : ' —

6 12 18 24 30 36 42 48
Time UTC (h)

0 — SM35 SM40 —
SM30 SM38 ——

HWm?)

0 6 12 18 24 30 36 42 48
Time UTC (h)
0 —— SM35 SMa0 ——
SM30 SM38 ——
(9@ 700 VIL
600 | 1
500
o 400
3
= 300
T 200
100
0
-100 ' : : — :
0 6 12 18 24 30 36 42 48
Time UTC (h)
— SM35 SMa0 ——
SM30 SM38 ——
B s vam
-
3
B3
I

0 6 12 18 24 30 36 42 48

Time UTC (h)
— SM35 SMa0 —
SM30 SM38 ——

Figure 12

() 700 SAN
«
£
z
T
-100 . . . : - 3
0 6 12 18 24 30 36 42 48
Time UTC (h)
20 — SM35 SM40 ——
SM30 SM38 ——
(@ 700 SEG
«
£
z
I
-100 . . - - - 2 :
0 6 12 18 24 30 36 42 48
Time UTC (h)
——  SM35 SM40 ——
SM30 SM38 ——
L 700 XAT.
«
E
2
2
-100 . x 7 s 2 .
0 6 12 18 24 30 36 42 48
Time UTC (h)
—— SM35 SM40 —
SM30 SM38 ——
(h 700 VIL
«
E
=
T
-100 ; - : . : ;
6 12 18 24 30 36 42 48
Time UTC (h)
——  SM35 SM40 —
SM30 SM38 ——
¢ 700 e
«
£
z
T

-100

6 12 18 24 30 36 42 48
Time UTC (h)

20 — SM35 SM40 — |
SM30 SM38 ——




(a)
40.8N

40.5N

40.2N

39.9N

39.6N

39.3N

39N

latitude [degree]

387N

1.5% 1.2w 09w 0.6w 0.3 © O0.3E D.6E
longitude [degree]

J9.9N

8 @
¥ 2

39N

latitude [degree]

38.7N

1.5W 1.2% 0.0W 0.6W 0.5W 0 0.5€ 0.6E

Figure 13

longitude td egree]

300
250
20
150
120
100
80
&0
40
20

-20
=40
=60

-100
-120
=150

latitude [degree]

(d)

latitude [degree]

40.8N

Ja.1N

378N

1.5% 1.2w 09w 0.6w 0.3 © O0.3E D.6E
longitude [degree]

1.5% 1.2w 0.9% 0.6% 0.3W 0O 0.3 D.6E
longitude [degree]

300
250
209
150
120
100
80
80
40
20

-20
—40
=60

-100
-120
=150



SAN

Height(m)

10 15 20 25 30 35 40 45

W, 20(0/Kg) & Theta(C)
20
SM30

SM35 SM40 —

SM3g ——
SEG

D000

4500
4000 |
3500

3000 |

2500

22000 +

T 1500
1000

500
oL .

0 5 10 15 20 25 30 35 40 45
W,,a5(0/Kg) & Theta(C)
SM20
SM30

SM35 SM40 —

SM38 ——
XAT

(gﬁﬂ()

50

4500
4000
3500
3000 |

n
o
=]
1=}

2000
1500
1000
500

0 . " . .

Height(m)

0 5 10 15 20 25 30 35 40 45
W, 20(0/Kg) & Theta(C)

20 35 0 —
SM30 SM38 ——

VIL

(gOUO

50

4500
4000 |
3500

3000 |

2500

22000 |

T 1500
1000 |

10 15 20 25 30 35 40 45
W,,a5(0/Kg) & Theta(C)
20
SM30

SM35 SM40 —

SM38 ——
vaMm

i)
¢ 000

50

4500
4000 |
3500

3000

2500

2000

T 1500
1000

500

o NN

Q 5 10 15 20 25 30 35 40 45
W, 1(0/Kg) & Theta(C)

20 35 0 —
SM30 SM38 ——

Figure 14

50

Height(m)

%000

4500
4000
3500

3000

2500

22000

T 1500
1000

500

(gﬁﬂﬂ
4500
4000
3500
3000

n
o
=]
o

2000
1500
1000

500

Height(m)

(hy
00
4500
4000
3500
3000
E 2500
5
200
1500
1000

%OUU
4500
4000
3500
3000
o500
S2000
T 1500
1000
500

0

SAN

15 20 25

0 5 10 30 35 40 45 50
W,.p(0/Kg) & Theta(C)
20 35 0 —
SM30 SMag ——
SEG
0 5 10 Iv5v %O,’K )ngl'?o (0?5 40 45 50
vap!9/hg eta
20 SM35 SMa0 —
SM30 SM38 ——
XAT
0 5 10 15 20 25 3 35 40 45 50
W,.p(0/Kg) & Theta(C)
20 35 0 —
SM30 SM3g ——
VIL
15 20 25 30 35 40 45 50
W,.,(9/Kg) & Theta(C)
20 35 0 —
SM30 SM38 ——
vaMm
- i J J
0 5 10 15 20 25 30 35 40 45 50

W, ,,(0/Kg) & Theta(C)

20 35 0 —
SM30 SM38 ——




