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RESUMEN

Presertamos la simulacion numerica del viento en la Sierra de San Pedro
Martir para realizar una evaluacion preliminar de los posiblessitios donde instalar
nuewvos telescopios. Como criterio inicial, se eligieron los puntos mas altos de la
sierra, pero a la vez de facil acceso. Se preserian la altura de la capal mite y el
efecto de la turbulencia en los diferentes sitios para velocidadesy direccionesdel

viento t picas.

ABSTRACT

We have used numerical simulations of wind over San Pedro Martir Sierrato
make a rst ewaluation of potential sites for astronomical use. Initially , we have
analyzed the highest points on the Sierra but with easy access. We presen the
turbulence and size of the boundary layer for typical speedand wind directions on

these sites.
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1. INTR ODUCTION

Recerily, San Pedro Martir Sierra has beencon-
sidered by seweral astronomical groups as a poten-
tial site to install large diameter telescoges. This is
mainly due to the large number of cloudlessnights
during the year and the reasonably low amourt of
water vapor (Erasmus & van Staden 2002).

To take advantage of their potential high angu-
lar resolution, the new telescopeswill rely critically
on adaptive optics to correct the atmospheric dis-
turbance. Therefore, atmosphericturbulence for the
candidate sites hasto be studied. Night-time seeing
measuremets made at the San Pedro Martir Na-
tional Obsenatory (SPM-NO) show excellert mean
values (Echevarr a et al. 1998; Michel et al. 2003).
Since the seeingis strongly a ected by the atmo-
spheric turbulence produced by the local topogra-
phy, it seemsossibleto nd placeson the SanPedro
Martir Sierra that may have similar or even better
seeingvaluesthan the site of SPM-NO.

EFFECTS

| SITE SELECTION | TUR-

Instead of deploying seeing measuring instru-
ments on all the highest points of the Sierra, the
list of candidate sites may be narrowed by a pre-
liminary evaluation using Computational Fluid Dy-
namics (CFD). This technique provides detailed air-
ow information over an arbitrary chosen variety
of initial and boundary conditions in the applicable
Reynolds number ranges, and the calculations can
be performed relatively quickly and at minimal cost.
The earliest applications of CFD to site character-
ization involved ground layer turbulence investiga-
tion above the Gemini site on Mauna Kea and Cerro
Padchon (De Young & Charles 1995). Advancesin
computational power allowed in recent yearsa more
elaborate useof CFD on the mesoscaldevel (Masci-
adri 2003;Riemer & Zangl 2002).

This paper presers the results of CFD modeling
of wind o w above seweral candidate siteson SanPe-
dro Martir Sierra, with emphasison the topograph-
ically induced turbulence.
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The goal of this study is to investigatethe behav-
ior of wind o w above the high altitude siteson San
Pedro Martir Sierraand to gain insight into possible
peculiarities they may exhibit. It also provides an
overview of the kind of analysis tools that may be
helpful to the community engagedin site characteri-
zation and selection proceduresfor large telescofes.

In x 2 of this paper we preseri the candidate sites
and the rationale for their selection. The method
of calculation and casesof study are shown in x 3.
The results and their discussionare preserted in x 4
and x 5, respectively. Finally, the conclusionsare
preseried in x 6.

2. THE SITES

Five of the highest points of the Sierra were se-
lected. They were chosenon the basis of easeof ac-
cessand low impact on the construction costs. This
places were: San Pedro Martir National Obsena-
tory, Alamillos de Arriba, Venado Blanco, Botella
Azul, and La Corona.

San Pedro M artir National Observ atory .
The site of SPM National Obsenatory is the best
characterized site for astronomical purposein the
whole Sierra. Weather conditions for San Pedro
Martir have beenreported (Tapia 1997;Walker 1984;
Alvarez 1982; Alvarez & Maisterrena 1977; Men-
doza, Luna, & Gomez 1972; Mendoza 1971, 1973,
Michel et al. 2001). Measuremerts of seeingcondi-
tions have beendonefor this site (Michel et al. 2003;
Conan et al. 2002; Echevarr a et al. 1998; Avila,
Vernin, & Cuevas 1998). Sky emissionat 10 m has
beenreported by Westphal (1974). Wind spectrum
at the site has been measured by Hiriart, Ochoa,
& Garca (2001). Opacity of the sky at millimetric
wavelengthshas beendiscussedby Hiriart (2003a,b)
and Hiriart et al. (1997). A summary of the results of
theseand other studies has beencompiled by Avila,
Cruz{Gonzalez, & Tapia (2003).

Alamillos de Arriba . This is a plateau right in
front of the Obsenatory site. It has the advantage
of having a big at areafor construction and, due
to its proximity, it o ers the possibility to sharethe
facilities of the Obsenatory.

Venado Blanco . It is a peakto the N{NW of
SanPedro Martir Obsenatory and may be an inter-
esting site to install a telescope. There is a bumpy
road to the baseof the peak, but no electric power
or other facilities are available at the site.

Botella Azul . This place is located at 10 km
of the Obsenatory in the southeastdirection. It is
very near to the Picacho del Diablo. This site was
consideredasa potential site to install the Large Mil-
limeter Telescom (LMT). As part of the site survey

for the LMT, a radiometer at 210 GHz to monitor
the sky opacity wasinstalled there from 1995to 1997
(Hiriart 2003b). Also, a meteorological station was
installed there but newver got reliable measuremets.
The site can only be accessedy hiking. One of the
drawbadks of this site is that Picacho del Diablo lies
in front, and it may produce someinterfering wakes
when the wind blows from the east.

La Corona . La Corona is located at the west
side of the Sierra. This placewasa candidate site for
the 2 m telescope now installed in the Mexican state
of Sonoraand operated by the Instituto Nacional de
Astrof sica, Optica y Electronica (INA OE). It is be-
lievedthat this site may have a better seeingthan the
one at the Obsenatory becausethe wind upstream
may be lessturbulent. This site is the westernmost
site at the sierra plateau and it may be interesting
to compareit to the easternridge results.

Figure 1' presens the Digital Eleva-
tion Map (DEM) of the available topograph-
ical data. The range and the usable size of
this rectangle is 80 220 km and is certered at
(640,000:3,430,000)(UTMx:UTMy). The horizontal
resolution is 200 m. Although maps with higher
resolution are available, we usedthis DEM for a rst
try and selectionof the sites. The San Pedro Martir
Sierra has a smooth, gertly ascendingterrain from
the west side, but abruptly descendingterrain to the
east. The National Astrononomical Obsenatory,
operated by the National Autonomous University
of Mexico through the Institute of Astronomy, is
located at the eastridge of the Sierra.

Table 1 lists the candidate sites on San Pedro
Martir Sierra. The table shows their names,approx-
imate geadetic location, Universal TransverseMerca-
tor (UTM), and their elewation accurateto 1 meter.

For the calculations, we selecteda smaller DEM
of about 35 30 km sinceall the sites consideredare
in close proximity. This allows us to evaluate the
interactions of the air o w on a large scale. The ter-
rain details for the processedDEM can be seenin
Figure 2. The sitesof interest from Table 1 are iden-
tied. For referencewe have included the highest
point in the sierra, Picacho del Diablo, located a the
bottom right of the gure and identied by the num-
ber 6. Picacho del Diablo hasan elewation of 3001 m
andis locatedat latitude 30 59°30°°N and longitude
115 220 340w,

3. METHOD OF CALCULATION
The calculations were fully three-dimensional,
and the ow was assumedto be steady, incompress-

1To seeall gures in color, please refer to the electronic
version of this paper.
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TABLE 1
CANDID ATE SITES ON SAN PEDRO MARTIR SIERRA FOR ASTRONOMICAL USE
Site Name Lat. [N] Long. [N] UTMx  UTMy Elev. [m]
1 SPM National Obsenatory 31 0241.8° 115 27°46.6° 646692 3435573 2800
2 Alamillos de Arriba 31 01°38.9° 115 26°55.7° 648071 3433652 2766
3 VenadoBlanco 31 05°20.7° 115 29°07.6° 644478 3440439 2761
4 Botella Azul 30 58°15.0° 115 23°43.8° 653252 3427474 2910
5 La Corona 31 00°08.9° 115 33°43.3° 637289 3430735 2604
ible and isothermal. The e ects of turbulence were pro le usedis generally given by
modeled through the use of the k- approximation
(De Young & Charles 1995) modi ed to accourt for _
high Reynolds number e ects. Here k is the turbu- - U zZ Zp 0:6 ] 1
lent kinetic energy per unit massand is the tur- u@) = h ’ (1)

bulent energy dissipation rate per unit mass. The
commercialsoftware STAR-CD wasusedto solve the
Reynolds-averagedform of the Navier-Stokesconser-
vation equations of massand momertum.

The rst step in performing numerical simula-
tions is always grid generation. The terrain hasto be
modeled as part of the grid boundary. Although the
software used is capable of solving arbitrary grids,
performance can be improved if a uniform grid is
used in both directions. Sometimes, topographic
data of the sitesare not readily available in a uniform
rectilinear form, so additional commercial software
and in-house-deeloped code had to be usedto con-
vert the data. The DEMs were translated to ASCII
triads (X,Y,Z) with xed horizontal spatial resolu-
tion, which becamethe rectangular basisof the grid.
The X and Y valuesare UTM coordinates (m) while
Z is the elevation (m). To generatethe third di-
mension of the grid a given number of points were
placed between the local surface elevation and the
chosen xed ceiling elevation. The vertical distance
between two consecutive nodes was chosento be a
term of a geometric serieswith a ratio of 1.2. As a
result, a vertical spatial resolution of approximately
1 m wasachieved closeto the ground, where high ve-
locity gradients exist. Closeto the ceiling where the
air o w is expected to be more uniform, the resolu-
tion canbeascoarseasa few hundred of meters. The
vertical resolution of a represettativ e grid is shown
in Figure 3.

For improved accuracy and in order to facilitate
proper application of boundary conditions the result-
ing computational box orientation waschosensothat
a face was always normal to the applied wind direc-
tion, asis shawvn in Figure 4. The inlet wind velocity

The value of z; is dictated by the local surface el-
evation at the inlet, while U and h are chosento
yield the reported wind speedsat high altitude where
the pressurelevel is 470 mb. It is important to
note that this prole is more realistic than a uni-
form wind speed level, and also more correct than
the traditional 1/7 power law for at plate turbu-
lent boundary layer. Atmospheric boundary layer
measuremels (Davenport 1960)indicated that over
rough terrain the exponert for a stable layer, such
as a nocturnal one, could be as high as 0.6, rather
than 0.15-0.2,which is often recordedduring the day.
The inlet air properties weretakento be those of the
atmosphere at the average elevation of the compu-
tational domain. The inlet air was given a turbulent
intensity | = u%U of 2{5 % (seex 4) that is, the
rms value of the uctuating part of the velocity u®
was 2.5{5 % of the local (free stream) velocity value
U. The other parameter of the turbulence model, the
rate of turbulent energydissipation , wascalculated
from the turbulent kinetic energyk, by assuminga
mixing length L of 5 m and equilibrium betweentur-
bulent energy production and dissipation.

On the topographic surface a no-slip bound-
ary condition was placed with prescribed roughness
height, depending on the terrain type (Wieringa
1996). For most of the sites an equivalent surface
roughnessheight of 0.01 m is represettativ e of bar-
ren land. In the caseof SanPedro Martir Sierrathe
surfacewas raised to 0.05 m, typical of wooded ar-
eas. The sidesand ceiling of the domain were given
free-slip boundaries with zero normal velocity com-
ponert; the out o w boundary condition set all nor-
mal derivativesto zero.
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Fig. 2. Digital Elevation Map close-up showing the loca-
tion of the sites of interest (see Table 1). This subset of
the original DEM wasusedin the simulations. The high-
est point in the Sierra, Picacho del Diablo (6) is shown
for reference. North is to the top and eastto the right.

Fig. 1. Digital Elevation Map of the Baja California
Peninsula. North is at the top and east to the right.
This map covers from 30 to 32 in latitude, and from
115 to 116 W in longitude. The rectangle shows the
area usedin the simulations.

Fig. 3. Vertical cross-sectionof a represertativ e grid.
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QUTLET

Fig. 4. Represenativ e set-up con guration for the com-
putational domain.

3.1 Simulated Cases

Echeverr a et al. (1998) have presernied measure-
ments of wind velocity for 386 nights in SPM Ob-
senatory. They found, as a general trend, that
wind speedseldomexceedghe 11 m/s; the predom-
inant and strongestwind comesfrom the S{SW; the
wind rarely comesfrom the E and W{NW, and the
speedof the wind is almost uniform. They show the
wind rosesfor the site separatedevery three months:
January{Marc h (winter), April{June (spring); July{
Septenber (summer) and; October{December (au-
tumn). The spring distribution is uniform, while the
summer distribution shows a gap in the west direc-
tion. During the summer, winds appear to come
more uniformly from the east, with very few W{NW
winds. Wind speedsduring summer and spring are
almost constart at 5.5 m/s. Winter and autumn
wind distributions are bipolar, with a rotation of
about 90 orientation with respect to ead other.
During the winter, predominant winds come from
the NE and SW, while in the autumn the predomi-
nant winds comefrom NW and SE. The speeddistri-
bution during autumn has a more or least uniform
value of 5.5 m/s, while the winter distribution has
roughly the samemean value, but higher wind dis-
persions due to the higher speed for winds coming
from the N. The wind directions prevailing in their
plots were usedin the simulations presered in this
study.

Table 2 lists the various casessimulated. The
caseshave beengiven a code nameB1 to B8 for easy
referencing. The name of the caseand the upwind
direction are shavn in Column 1. The sizeof compu-
tational domain is showvn in Column 2 and the total
number of cellsin Column 3. The corresponding hor-

izontal resolution was 200 meterswith a xed ceiling
of 10,000m. The primary direction (Column 6) fol-
lows the trend of the wind showvn by the wind rose
data of Echewverria et al. (1998) as they de ned the
seasons. North is 0 and east 90 . The High Al-
titude Velocity (Column 5) is the average velocity
at 200 mb (12 km over the sealevel), as reported
by Carrasco& Sarazin (2003), for the three months
that de ne the season.

4. RESULTS

The results of the instantaneous velocity eld, u,
canbeseparatedinto ameanpart, U, plusa uctuat-
ing part with zeromeanu® (u = U+ u9. The thick-
nessof the boundary layersand the sizeof wakesare
characterized by the level of appreciable turbulent
kinetic energy k = i(hJOZi). Outside those regions
it assumesits regular values for free atmospheric
turbulence (not assaiated with shearlayers and jet
stream), namely 2.5{5.0 % intensity. A more obvious
variable to monitor would be the root-mean-square
value of u® sinceit is given in m/s and can be di-
rectly measured.In this casethe limit value could be
setat 0.3 m/s, which is 2.5{5 % or lessof the mean
free stream velocity value outside a given boundary
layer consideredhere. The rms of the uctuatiﬁng_
part of the wind velocity is given by u® ¢ = k.
Depending on the type of ow the factor takes
valuesbetween0.8 and 1.2.

4.1. Wind Velccity Field

Figures 5 to 14 are a graphical represenation of
the results for the wind velocity eld at a given site.
They consist of two type of plots, arranged side by
side. On the left, contour plots of u?, calculated
with a factor of = 1 are showvn. The color scale
rangesfrom 0.3 m/s to 1.7 m/s, which translates to
turbulent intensities | of 2.5{5 % for the low limit
and 15{25% for the high limit, dependingon the free
streamvelocity levels. The estimated boundary layer
thicknessassumesan end of the e ectiv e boundary
layer at 1= 5 %. On the right, countour plots of
kOk are shavn. The color scale rangesfrom 0 to
14 m/s. Overlaid vectors shaw the local direction of
ow. The plots are made in vertical planes passing
through the summit of interest, and the viewing an-
gle is perpendicular to the wind and such that the
direction of the ow is from right to left.

4.2. Boundary Layer

Table 3 summarizesthe boundary layer thick-
ness, in meters, estimated from the calculations.
Eight caseswere simulated for the San Pedro Martir
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B1[N]

B2 [N- NE]

B3[NE]

B4 [E|

Fig. 5. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB1 to B4 for
San Pedro M artir Observ atory . Color scalesfor the plots are in m/s.
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B5[S SE

B6[S SE

B7[S SW]

B8 [W]

Fig. 6. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB5 to B8 for
San Pedro M artir Observ atory . Color scalesfor the plots are in m/s.
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B1[N]

B2[ N- NE]

B3 [NE]

B4 [E]

Fig. 7. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB1 to B4 for
Alamillos de Arriba . Color scalesfor the plots are in m/s.
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B5[S <

B6[S SE

B7[S SW|

B3 [W]

Fig. 8. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB5 to B8 for
Alamillos de Arriba . Color scalesfor the plots are in m/s.
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B1[N]

B2[ N- NE]

B3 [NE]

B4 [E|

Fig. 9. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB1 to B4 for
Venado Blanco . Color scalesfor the plots are in m/s.
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B5[S S

B6[S SE

B7[S SW]

B3 [W]

Fig. 10. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB5 to B8 for
Venado Blanco . Color scalesfor the plots are in m/s.
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B1[N]

B2[ N- NE]

B3 [NE]

B4 [E|

Fig. 11. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB1 to B4 for
Botella Azul . Color scalesfor the plots are in m/s.
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B5[S SE

B6 [S SE

B7[S SW]

B3 [W]

Fig. 12. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB5 to B8 for
Botella Azul . Color scalesfor the plots are in m/s.
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B1[N]

B2[ N- NE]

B3 [NE]

B4 [E]

Fig. 13. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB1 to B4 for
La Corona . Color scalesfor the plots are in m/s.
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B5[S SE

B6[S SE

B7[S SW]

B8 [W]

Fig. 14. RMS velocity contours (left) and mean velocity magnitude contour/v ector plot (right) for casesB5 to B8 for
La Corona . Color scalesfor the plots are in m/s.
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TABLE 2
STUDY CASES FOR SAN PEDRO MARTIR SIERRA.

Case Size Cells Season Wind Speed Wind Az.
(km] [m/s] []
B1 [N] 35 30 1050000 Autumn 30.2 000
B2 [N{NE] 30 30 900000 Winter 36.8 015
B3 [NE] 30 30 900000 Summer 14.3 045
B4 [E] 35 30 1050000 Spring 26.8 090
B5[S-SE] 25 30 750000 Spring 26.8 170
B6 [S-SE] 25 30 750000 Summer 14.3 170
B7 [S-SW] 30 35 1050000 Autumn/Win ter 33.5 210
B8 [W] 35 30 1050000 Autumn 30.2 270

area, where the v e locations of interest shown in
Table 1 are considered. The bottom row (rightmost
column) in the table shavs the mean value of the
boundary layer thicknessfor ead case(site). The
dashedline for the two casein B6 meansthat the
boundary layer thicknessis lessthan 5 m. A com-
plete list of the wind input velocities usedin the eight
casesof study, B1 to B8, is showvn in Table 2. Cases
B5 and B6 dier only in the mean velocity of the
input pro le.

5. DISCUSSION

San Pedro M artir Observ atory . The thicker
and more turbulent layer at this site occurs when
the wind blows from the North; i.e., when the wind
blows along the sierra ridge. The lowest values of
the boundary layer thickness,casesB3 and B6, cor-
respond to typical wind conditions during summer.
This seasonhas beenreported as the one with the
lowest meanvaluesof measuredseeing(Michel et al.
2003; Echeverr a et al. 1998).

Alamillos de Arriba. Even though this site
is closeto the SPM-NO site, the boundary layer
thicknessbehavesvery di erently, specially whenthe
wind blows from the N-NE and E. This may be due
to the e ect of the wind passingover a slightly higher
ridge toward those directions as seenfrom this site.

Venado Blanco. In this peak the boundary
layer has a similar behavior to that of the SPM-NO
site. When comparedto SPM-NO site, it hasthiner
boundary layersfor wind blowing from the west, but
somewhat thicker for the predominant winds from
the S-SW.

La Corona. This place preseris the lowest
boundary layer in most of the studied cases,in-
cluding for winds predominarnt from the S-SW. The

extremely large boundary layer from wind blowing
from the east, caseB4, is due to the presenceof Pi-
cacho del Diablo in that direction. The e ect of the
wake produced by Picacho is also enhancedby the
lower elewation of La Corona.

The Corona being the rst high point reaced
by the upwind from the seashore,it benets from
the cold ocean currents that reduce the height of
the inversion layers, and from the laminar air ow
set up over the ocean(Walker 1971), although these
may produce higher valuesof humidity at the site.

Botella Azul. The thicker boundary layer of
this site occurs during the winter, when winds blow
preferertially from the N{NE; i.e., the direction of
Picacho del Diablo. Becauseboth sites have the
sameelewation, the e ect of the wake produced by
Picacho is not as disrupting as in the caseof La
Corona. Curiously, after La Corona, this is the site
with the thinnest boundary layer for the prominent
and dominant winds. On the other hand, Botella
Azul hasalmost the sameamount of precipitable wa-
ter vapor asthe SPM-NO site (Hiriart 2003b).

6. CONCLUSIONS

1. From the previous discussionand accordingto
the results of the simulations for the casesof study,
La Corona showed to be the best site, with poten-
tially good sky quality due to its low layer wind tur-
bulence. Becausewinds from the E are very rare,
wakesfrom the Picacho del Diablo may be unimpor-
tant.

2. Since Venado Blanco has a behavior of the
boundary layer similar to that of San Pedro Martir
for most of the wind directions, this may be a site
with similar or slightly better seeingconditions than
the Obsenatory site.
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TABLE 3
BOUNDARY LAYER THICKNESS (m) FOR SAN PEDRO MARTIR SIERRA.

Name Bl B2 B3 B4 B5 B6 B7 B8 MEAN
[N] [N{NE] [NE] [E]  [S{SE] [S{SE] [S{SW] [W]

San Pedro Martir 400 350 20 300 150 10 150 100 185

Alamillos de Arriba 600 600 20 600 120 150 120 276

VenadoBlanco 220 200 100 220 150 . 200 50 145

Botella Azul 100 800 700 100 80 20 50 350 263

La Corona 100 200 10 2000 100 20 40 40 72

MEAN 284 430 170 305 120 11 118 132

3. Seeingmeasuremets at San Pedro Martir by REFERENCES

Echeverr a et al. (1998) are consistert with some of
our results. In particular, measured seeingvalues
are worst when the wind blows from the North in
winter. It should be kept in mind that turbulence
layer thickness depends not only on direction but
also on speed.

4. The next stepsin site simulations include en-
hancemerts in the spatial resolution as well as the
inclusion of thermal e ects, onceinformation ontem-
perature pro les upwind of the sites of interest be-
comesavailable. Thus, it will be possibleto assess
the quality of a site more directly.

5. CFD simulations of wind ow above candi-
date sites can provide mean and rms velocity elds,
as well as vorticity, so asto calculate the intensity
and measurethe thickness of boundary layers and
the length of wakes. They can also produce temper-
ature elds and density gradierts in order to char-
acterize the thermal boundary layer of a potential
site. The combined e ect of mecanical and thermal
turbulence is one of the key criteria in a site charac-
terization procedure,and CFD can help towards an
optimum selection.

6. Veri cation of the CFD resultsis alsoneeded,
especially in combination with seeing estimates.
This can be acdiieved through wind prole and
ground layer seeingmeasuremets.
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stitute of Astronomy, UNAM, for providing us with
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Sierra.
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