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1. INTRODUCTION

It is well-known that cumulus conv ection
erupts almost daily close to solar noon over the
mountains in the interior western United States
during the summer. Most i

and deep-tropospheric  conditions is poorly
predicted by current numerical weather prediction
(NWP) models (e.g., Bright and Mullen 2002).
Even NWP models of sufficient resolution to
resove  the  themally-direct  orographic

display of
topographically -induced, themally forced

s over (eg. an
Knox 2007, p.365; Aguado and Burt 2007,
p.238). Even relatvely simple numerical
simulations have shown that under sufficient
solar radiation forcing, weak stratification, and
weak wind, a thermally-direct circulation develops
over a mourtain, with anabatic flow conv erging
over the mourtain.

The anabatic circulation may be hard to
detect because of the intense mixing within the
CBL. Convectve turbulence may mix the
anabatic momentum over a considerable depth,
and the ascending flow in themals is far stronger
than the mountainscale updraft due to net
anabatic flow. The CBL develops as a resutt of a
positive surface sensible heat flux, both over
mountains and the surrounding plains. The CBL
topography over complex terrain is poorly
understood, but the afternoon CBL depth usually
exceeds the mountain top height in the western
United States during the warm season. If the CBL
remains capped by a stable layer, the toroidal
circulation remains contained within the CBL
(e.g., Banta 1984). When the capping is weaker,
and sufficient low-level moisture is present, this
circulation can lead to orographic cumulus
convection, and an unknown part of the
mountain-scale circulation is carried up through
cloud base and detrained at higher levek in the
free troposphere. This vertical transfer is
concentrated into a number of vigorous buoyant
cumuli smaller in width than the mountain.
Buoyant cumulus convection may enhance the
mountain-scale corvergence near the surface,
and maturing convection may suppress the
convergence (e.g., Raymond and Wilkening
1982). Thus several orographic cumulus growth
cycles are possible in a single day, as has been
obserwved (e.g., Zehnder et al. 2006).

Thermally forced orographic
convergence and associated deep corvection
are essertial to warm-season precipitation and to
surfacetroposphere exchange in regions with
complex terrain. Because the mountains that
drive the localized CBL convergence and deep
convection are often small compared to model
resolution, their impact on surface

are in their abilty to
simulate the suface flxxes and CBL
development over complex terrain, and thus to
predict the timing and intensity of ensuing
thunderstoms (e.g., Yu et al. 2006).

The purpose of this observational study
is to document the ev olution andv ettical profile of
anabatic flow (and associated heat corvergence)
over an isolated mountain, to examine the flow's
thermal forcing, and to relate the flow to
orographic cumulus development.  Sections 2
and 3 respectively discuss the data sources and
analysis method. Obsew ations are summarized
in Section 4. Section 5 examines the forcing of
anabatic flow and its relationship with cumulus
corv ection and section 6 shows inttial modeling
results from Weather, Research, and Forecasting
(WRF) simulations.

2. DATASOURCES

The data used in this study were
collected  as part  of the  Cumulus
Photogrammetric, In  situ and  Doppler
Obserw ations (CuPIDO) campaign during the
2006 monsoon season around the Santa
Catalina Mountains (SCM) in southeast Arizona
(Damiani et al. 2008) This mountain range has
a horizontal scale of 20-30 km and a vertical
scale of ~2000 m abov e the surrounding plains.
Sixteen days were selected, each with orographic
cumulus development, aircraft data, soundings,
and surface meteorological data (see Table 1 in
Damiani et al. 2008). We mainly examine data
from the three of these 16 days with the best
aircraft data. The Universiy of Wyoming King Air
(WKA) aircraft measured winds, state variables,
and humidity at sufficient frequency to compute
vettical fluxes. Mobile GPS Advanced Upper-Air
Sounding System (MGAUS) sondes were
released at 45-90 minutes intervals during WKA
fights, from a location just upstream of the
mountain  top. Ten automated surface
meteorological stations were positioned around
the mountain (Fig. 1). All measured basic
averages are used in this study. Temperature
and humidity was measured a 2m, wind at 10 m

" All CUPIDO data are archived at
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Fig. 1: Locations of the 10 ISFF stations around the
Santa Catalina Mountains and the definition of the
station pol ygon (solid yellow lines), based on mid-points
between surface stations. The red crosses represent
sounding launch sites (Windy Point near station S and
Stratton Canyon at station NE).

meteorological variables at 1 Hz five-minute
AGL. Four stations were located on sufficiently
level and homogenous ground that surface heat
fluxes could be computed using the eddy
correlation method, from data at 7 m AGL The 4-
station, 30 minute average sensible and latent
heat flux is denoted at SH and LH, respectively.
We also use meteorological data from a tower
located on Mt Bigelow on the SCM spine, and
from an astronomical obsewvatoy on Mt
Lemmon, the highest point of the SCM.

3. AN AL YSIS METHOD

Both the flight patterns
(circumnavigations) and the positioning of the
suface stations around the SCM allow us to
calculate the mountain-wide mass, heat, and
moisture budgets. The method used here is
similar to that used by Raymond and Wilkening
(1980) for dry orographic circulations and
Raymond and Wikening (1982) for orographic
cumulus. The mass cornvergence MC (kg m' s7)
is defined as:

MC ={ pv,ds )
where v, (ms”) is the wind component nomal to
ghe track, positive towards the mourtain, p (kgm
) is the air density, and ds (m) is the incremental
distance along the line integral. For aircraft data,
1 Hz data are used, giving a dsvalue of ~90 m.
For station data, ds is the distance between the
mid-points between stations (Fig. 1), and v, the
wind component normal to dS at the station
between these midpoints. We then use the
divergence theorem (Hokon 2004; Johnson and
Priegnitz  1981) to estimate the mean
conv ergence within the aircraftzloop or the station
poly gon (Fig. 1) with area A (m"):

A"{v”ds =-Vej, @

Here \7,, is the horizontal wind vector. A
cornv ergence profile can be conv erted to a mean
updraft W (ms”) within the loop:

1
_— Hv”ds]dp 3)
Asp, 5,

This assumes anelastic continuity and W = Oat
the surface. The integral bounds are the suface
pressure p, and the flight level pressure p (Pa).
The area A is computed as the sum of the areas
of triangles defined by a base ds and a corner at
Mt Lemmon. These triangles are shown in Fig. 1
for the station poly gon area. The area is 576 km*
forthe statlon poly gon, and about 739, 399, and
219 km” for the 300 m AGL, 780 hPa, and 700
hPa WKA loops around Mt. Lemmon.

The mean inflow v, (ms™), referred to

as the anabatic flow speed, is computed as
follows:

v, :—é{t'”ds (4)

where C :{ds is the loop length, ranging from

52 km for the inner loop (700 hPa loop) to 102
kmfor the outer loop (300m AGL loop).

The mean (advective) wind V, is defined
as the vector mean wind along the track. lts
magnitude will be compared toV,, to assess
whether the flow primarily passes over/around
the mountain, or is drawn towards the mountain.

We aim to quantify the horizontal flux
corvergence of mass and energy over the
mountain, and place this in the context of
changes in moist statc energy over the
mountain. Moist static energy h is defined as

h=76+gz+L,q, where A is the Exner
function (J kg K)

%:c %)7 )

cp(J kg K ) is \he sPecic heat under constant
pressure, R (J kg K") the ideal gas constantfor
dry air,  p=1000 hPa, & (K) the po(enl[gl

T (K) the p g (ms™)
gravity, z(m) height, L, (J kg™) the latent heat of
condensation, and q (kg kg") the specific
humidity. The consewation equation of h, for
inviscid flow, implies (e.g., Batchelor 1967,
equation 3.1.16):

oph
o1

Here p(kg ms) is air density, Vthe 3-D wind
vector, and S W m” ) is a diabatic heat source
other than due to condensation/ev aporation, e.g.

T
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Fig. 2: Profiles of 6 6. * and wind at 1532 UTC (gey)and 2000 UTC (black) on 06 August 2006. The data are derived from a
MGAUS sonde releasedat Stration Canyon @ 1390 m MSL on the east side of Mt. Lemmon. The lifting condensation level (LCL) is
shown for both soundings, as well as the elevation of Mt Lemmon. To see more detail in the profile of relatively weak winds, two full
barbs are set to carrespond with Sms’”, double the standard convention.

radiatve heat corvergence. Integration of (6)
overarea Agives:

Ha"h L24a = phv,ds -

120+ [jsn @
i

The first term on the right of (7) is the horizontal
flux convergence. This line integral, deriv ed using
the 2-D divergence theorem, is computed over
the closed loop defined by the station poly gon
(Fig. 1) or the WKA flight loops. This term is not
preceded by a minus sign because the line-
normal flow v, is defined as positive towards the
mountain. The second tem on the right in (7)
denotes the vertcal flux convergence.
Substitution of the definition of hin (7) yields:

U%?l)df\ = *j’ﬂpﬂ/,, ds +§ Lpgv,ds +

I I 1
§gpev,ds— jj (”’”" + jj sdA ®
v |4 vi

According to (8), the net change of moist static
energy () expressed per unit volume over the
mountain equals (Il) the horizontal convergence
of sensible heat, (Ill) the horizontal corwv ergence
of latent heat, (IV) the horizontal convergence of
potential energy, (V) the vertical flux convergence
of h, and (M) any diabatic heat sources. Terms Il
and Il are controlled by MC, slightly modulated
by variations in temperature and water vapor
respectively along the track. Term 1V is negligible
if the average height of the stations or of the
aircraft along the flight loops is set to zero. Term
VI is mainly due to surface sensible and latent
heating mixed into the CBL. This term ty pically is
far smaller than the horizontal heat conv ergences
(terms Il and Ill) near the surface. But in a control
volume centered over the mountain, horizontally
confined by the surface stations and vertically
corfined by a capping layer above the CBL
(Fig.1), the net horizontal heat conv ergence isfar
smaller in magnitude than that either near the
surface or that in the upper CBL Thus a net
change in h(tem I) in the CBL over the mountain

ay be dominantly affected by the surface heat
Ilux (tem VI). In this paper, we examine the
surface heat flux (tem VI) and the horizontal
convergence (terms Il and Ill). We only display
horizontal mass corv ergence (MC), inferred from
surface and aircraft data, because terms I and Il
are essertially proportional to MC.
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Fig. 3: Evolution of the depth of orographic cumuli over
the SCM on 06 August. Also shown are the height of
the mountain, the lifing condens ation level (LCL) and
the depth of the convective BL. The latter two are
inferred from the MGAUS soundings. The LCL is
computed assuming an air parcel mixed adiabatically in
the lowest 500m.

4. CASE STUDY OF MASS CONVERGENCE

We now illustrate the evolution of mass and
moisture convergence and cumulus growth for
06-August during CuPIDO. In order to compare

(a)

at (a) 1900 (b) 2010 (c) 2120 and (d) 2220 UTC.

7” values and resulting mass and energy
cornv ergence values from aircraft data with those
from station data, the station data are low-pass
fitered to 20 minutes, the time needed to
complete the WKA outer loop. The evolution of

Vﬂ and convergence is interpreted in tems of
local surface heat fluxes and the profiles of
stability and wind. We characterize static stability
by considering profiles of 6. and the saturated
equivalent potential temperature (6.*), as in Fig.

On 26 July an unusually wet spell started,
with dewpoint values well above average
(Damiani et al. 2008). 6 August was the first day
since the start of this spell that the daily-mean
surface dewpoint dipped below the climatological
average and the early-morning sky was clear.
The MGAUS soundings rev eal mostly weak and
variable winds (fig. 2) over the depth of the Cu
congesti that formed over the mountain in the
early aternoon (Fig. 3).

A sounding released during the Cu
congestus grov\{lh phase rev eals a CAPE v alue of
just 720 J kg, and essertialy no cornvectve
inhibition (Fig. 2 1930 UTC sounding).
lay ers of potential instability were present at 1930
UTC, one above the CBL and one near 5.5 km

(b)

Fig. 4: Snapshots of cumulus eolution on 19 July, from camera CC6 located on the campus of the University of Arizona,
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Fig. 5: Evolution of (a) mass convergence (eqn 2) and (b) wind on 19 July over the SCM. The solid line is based on 10
ISFF stations; the symbols apply to aircraft measurements at three levels. Sunrise, local solar noon, and time of first Cu
are shown. In (b), both the anabatic wind (eqn 4) (black line and symbols) and the mean wind speed (grey line and
symbols) are shown. (c) Mass convergence profile fromsurface and airborne The surface

represent 20 min averages at times corresponding to each of the aircrait loops. (d) Average surface sensible and latent
heat flux for the four surface flux stations shown in Fig. 2.

MSL (Fig. 2). A weakly stable layer between 7
and 9 km MSL blocked further growth of the Cu
congesti. The first orographic Cu formed fairy
late (1800 UTC) (Fig. 4a), and the cloud tops
grew gradually over the course of three hours
(Fig. 4b, ¢, and d). No lightning or precipitation
was recorded. Because of the high soil moisture
around the mountain, the daytime LH exceeded
SH (Fig. 5d). The CBL depth was not much
below the LCL, and non-orographic BL cumuli
developed in the afternoon, mainly east of the
SCM (Fig. 4d).

Anabatic flow started rather early on this
day, at about the same time as when SH became
positive. In the early afternoon (21-23 UTC) the
cloud top heights above Mt Lemmon waned (Fig.
3 and Fig. 4d). The last available sounding, at 21
UTC, does not reveal any mid-level drying or

ilization evious i on
this day, thus this cloud top decline must be
related to boundary-layer processes: both the
surface energy fluxes (Fig. 5d) and the mass

cornvergence (Fig. 5a) decreased during this
period; the latter even became negative.

Eight loops were flown around the
mountain, all after the first orographic Cu. The
outer and middle loops were within the CBL, the
inner loops remained above the CBL (Fig. 5¢).
The five early loops (1750-1920 UTC), flown
during the early Cu growth phase, indicate that
the flow was convergent at low levels (consistent
with surface obsewations during this period),
non-div ergent in the upper CBL (780 hPa), and
divergent above the CBL (700 hPa). This is the
strongest evidence yet for a toroidal circulation,
partly contained within the CBL. During the Cu
decay phase after 21 UTC, another stack was
flown. Strong corvergence was encountered at
low and mid levek, in discordance with surfface
measurements and the observ ed Cu ev olttion.
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Fig. 6: (a) Diurnal variation of mass convergence on days with omgraphic Cb (7 days) and those with only Cu
congestus development (9 days). The lines represent averages based on surface station data, and the symbols represent
24 loops flown at 300 m AGL. (b) Diumal variation of the time of first Cu and of deepest Cu for the 16 flight days,
inferred from the CC6 camera images. (c) Average surface heat fluxes for the same days.

5. THERMAL FORCING OF AN AB ATIC FLOW

a. Orographic convergence and cumulus
convection

We now examine the signature of cumulus
development on suface mass convergence for
the 16 flight days. On each of these days
orographic Cu developed, most commonly
between 16-17 UTC (Fig. 6b), ie. ~three hours
before LSN. Orographic cumuli reached their
maximum  height most commonly in the first two
hours after LSN, and their peak depth was at
least 4km, ie. they became at least Cu congesti.
The Cu grew to the cumulonimbus stage, with
lightning recorded close to Mt Lemmon on 7 out
of the 16 days (19 July, and 07, 09, 10, 11, 13 &
17 August).

During the 16 days, the WKA flew 24
loops around the mountain a 300 m AGL, all
within the CBL, and all within 3.5 hours of LSN.
The diurnal trend of mass corvergence at the
suface agrees well with the 24 corvergence
estimates from these flight loops (Fig. 6a),
indicating that suface wind data alone are

sufficient to estimate the convergence within the
CBL. This is important because aircraft data are
relatively expensive to collect, and the number of
aircraft loops flown is insufficient to reveal the
diurnal trend apparert in the 16 day record.

The composite corvergence (Fig 6a)
suggests that no enhanced corvergence was
present in the hours before Cb dev elopment, and
trends for individual days confim this: the
convergence on Cb days does not substartially
exceed that on congestus-only days at any time.
In fact over the course of the day, less surface
corvergence occurs on Cb days compared to
congestus-only days. The one feature that
distinguishes Cb days is that surface
convergence generally vanished around LSN,
with clear divergence after 22 UTC. High
variabilty existed amongst the 7 Cb days and
analysis of the individual days indicates that
surface divergence generally developed shortly
after the first lightning, suggesting cold pool
development, as was obsernved in one case by
Raymond and Wikening (1982). Thus, while
thunderstoms undoubtedly transport more CBL
energy and moisture into the upper troposphere
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Fig. 7: Mass convergence profiles for the same days as
in Fig. 6. The solid lines represent the average
convergence profiles for Cb days and congestus days.
The two ISFF measurements represent the time-
averaged surface station measurements during the
period of aircraft measurements, which occurred
between 16 and 22 UTC. The dotted lines are vertical
\eloaity (w) profies. derived ffom the convergence
profile, assuming w=0at the ground.

than Cu congesti suface measurements
suggest that orographic thunderstorms suppress
the BL solenoidal circulation, due to cold-pool
spreading.

The weakening of the solenoidal
circulation by thunderstoms is confimed by
aircraft data. The 300 m AGL flight loops support
the notion of afternoon divergence on Cb days
(Fig. 6a). At the mid-level (780 hPa), div ergence
occurs on Cb days, and convergence on
congestus-only days (Fig. 7). This is especially
surprising since all but one 780 hPa loop on Cb
days were flown before Cb occurrence. At 700
hPa no significant difference exists between Cb
and congestus-only days. Mountain-scalev ettical
velocity (w) can be computed from the
convergence values at various levels, using air
mass continuty and assuming w=0 a the
suface. On congestus-only days deep rising
motlcn is present in the CBL, peaking at 0.21 ms’

or ~750 m in one hour. Because of the slope of
the terrain (about 0.10 between the ISFF stations
and the mountain top), and‘\he mean anabatic
flow at the surface (0.4 ms™ on average, during
the period of the congestus-only flight loops, see
Fig. 6a), the peak mountain-scale vencalvelocny
may be slighty higher, about 0.25 ms
Orographic ascent in the CBL is weaker and
shallower on Cb days (Fig. 7). Thus the aircraft

data corroborate the conclusion reached from the
surface data

The two-month long record of ISFF data
further corroborates that thunderstorms suppress
the near-surface corvergence: Fig. 8 cortrasts
the composite mourtain-scale convergence on
days with thunderstoms (as determined by
lightning occurrence within 13 km from Mt.
Lemmon between 18-00 UTC, recorded by the
National Lightning Detection Network) against
that on days with shallow Cu over the mountain
only (as inferred from CC6 time lapse
photography). Clearly the solenoidal surface
conv ergence is suppressed on Cb days, starting
around LSN, while it is sustained through the
afternoon on shallow Cu days. The mountain-
scale conv ergence starts about 1 hour earlier and
is more intense in the morning on Cb days,
compared to shallow Cu days. The two-month
record will be explored further in a separate
study.
This conclusion is counterintuitive, yet i is
not inconsistent with the aircraft data analysis by
Ray mond and Wilkening (1982). While the mean
anabatic flow does corverge moist static energy
needed to sustain orographic convection, it may
not explain the onset of orographic deep
convection. In general deep cornvection is
triggered where the CBL reaches the level of free
corv ection, which is most likely where the CBL
domes. Apparently this doming is not the result of
the solenoidal circulation, but rather local surface
heating. In tems of eroding the cornvective
inhibition (CIN) and maximizing CAPE, the
anabatic flow does not help: it is the nature of
solenoidal forcing that anabatic surfface flow
advects cooler air and aims to destroy the
horizontal  difference of vitual potential

temperature (6,) (Section 5.b). Thus, ignoring
any horizontal moisture gradients, anabatic flow
lowers the moist static energy,
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Fig. 8 Diurnal variation of the mountain-scale
convergence, inferred from the 10-station polygon (Fig.
1), for 15 days with shallow orographic cumuli (grey
line), and for 27 days with lightning over the SCM
between 18-00 UTC (black line), between 22 June and
29 August 2006,

increases CIN, and decreases CAPE. This is
consistent with the absence of enhanced

anabatic flow prior to convective bursts, as
discussed above.

The are twof old: (a) tair
scale mass corvergence near the surface cannot
be used as a precursor for convective intiation
over mountains, unlike in the plains (e.g., Wilson
and Schreiber 1986; Wilson et al. 1992); and (b)
orographic cunulus vertical growth is controlled
by something else; the most lkely candidate, as
suggested by Zehnder et al. (2007), is the
evolution of the profile of static stability, which is
affected by surface heating over the mountain, or
by changes aloft.

The composle suriace dala in Fig 6a

that It

develops about 1.5 hrs after sunrise, at aboul the
same time as suface heating commences
(SH>0, Fig. 6¢c). Such early start is typical for
small-scale upslope flow [p. 179 in Whiteman
(2000)], but it is earlier than expected for a
mountain-plain circulation of this size. This is
addressed further in Geerts et al. (2008). The
cornv ergence also peaks about 2 hrs before LSN
(the time that SH peaks) on thunderstorm days
(Fig. 6a, Fig. 8), about 1 hr before LSN on Cu
congestus days, and about 1 hr after LSN for
days with shallow Cu only (Fig. 8). This shift in
peak corvergence time corfims that moist
corv ection st the solenoidal

in the CBL.

These findings are based on a small
sample and need to be further corroborated. In a
separate study (in progress), we examine the
relationship between cloud top evolution, moist
static energy at Mt Bigelow, and mountain-scale
corvergence for the two-month period of ISFF
data in CuPIDO, and statistically assess
differences between different convectiv e classes.

b. Thermal forcing of anabatic flow

We now examine the themal forcing of
the low-level anabatic wind and the toroidal
i i uch ci ion mostly i
within the CBL (low-level corvergence, upper-
level divergence) appears to be present on 6
August (Fig. &) as well as inthe 16-day average
profile (Fig. 7). The development of toroidal
votticity (n) around an isolated heated mountain
is the result of solenoidal forcing, ie. a gradient
of buoyancy (or 9 ) towards the mourtain:

Dn _ g 06,

Dt 0 T
Numerical simulations have documented the
development of this baroclinicity and resulting
circulation (e.g, de Wekker et al 1998).
Therefore we examine the variation of 6, in a
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Fig. 9: The left panels are cross sections of virtual
potential temperature &, , expressed as a perturbation
from the mean value at any of the three flight levels or
at the surface. Aircraft data from the three loops are
shown with distinct symbols, and surface data are
shown as triangles. T he solid black line is anindicative,
average terrain profile. The right panels show the 6,
profile from a sounding released around the time that
the datain the left panels were collected. They have the
same wertical axis as the left panels. The top, middle,
and bottom panels are for 19 July, 25 July, and 6
August res pectively.

vettical cross section on three days studied (Fig.
9). The terrain profile is an average in all four
wind directions, starting a Mt. Lemmon All
aircraft and surface station data are plotted as a
function of their distance from Mt. Lemmon. The
vettical position of all data is their height MSL,
rather than their height above the indicative
terrain, because the solenoidal forcing needs to
be evaluated on constant pressure surfaces. This
places some surface stations ‘underground’. In
most cases the upper flight loop data are
collected above the CBL, as is evident from the

6, profiles (Fig. 9b, d, and f). Thus, to reveal

radial differences, 6, perturbations are plotted.

The perturbation 9‘ is defined as the departure
from the mean at any of the three flight levels, or

from the mean of the 10 surface stations. Data
from the Bigelow flux tower are included (the
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Fig. 10: Cross sections of \irtual potential
temperature 6, based on aircraft and station data, for
25 July, for the period of (a) 1601-1647 UTC, and (b)
1708-1745 UTC. As in Fig. 9, the actual height MSL of
the observations is shown, but unlike in Fig. 9, the x
axds value is the distance at which the actual height
above the ground optimallycorresponds with the height
above the aver age terrain profile (black line) triangle at
2583 mMSL inFig. 9.

For this site the perturbation &, is defined as the

departure from the mean 6, at the 780 hPa flight
loop, because that flight level comes closest to
the elevation of Mt Bigelow. The aircraft data
were filtered to 10 seconds (~800 m along-track
distance) and the 5-min station data were
averaged to match the time needed to collect all
aircraft data The radial extent of the data is
somewhat limited because of the flight patterns
and the distribution of surface stations. Mt.
Bigelow is on a ridge at 6.6 km to the southeast
of Mt Lemmon, thus it appears much higher than
the av erage terrain height.

One common aspect for the three cross
sections in Fig. 9 is that Mt Bigelow has a ~2K
higher 6, than at the 780 hPa flight level,
including on 19 July and 6 August, when the CBL
top cleary was above the elevation of M.
Bigelow. This is true also for other cross sections
of combined multi-level aircraft data and station
data (not shown), except one, on 6 August at
2113-2201 UTC, presumably because of a cold
pool development associated with cloud top

may argue some instrument calibration problem

at Mt. Bigelow, so we compared the Bigelow 6,
values to those just above the suface in
soundings released from both Windy Point and
Mt Lemmon (locations are shown in Fig. 1) at
sev eral times when the CBL was well-dev eloped
and deep. These values corresponded well. This
yields evidence of a warm core over the
mountain.

Otherwise, the aircraft and surface data do
not reveal aclear patern of warmer air (6 > 0)
closer to the mountain. In esserce, the station
layout and flight pattern were naot ideal to
measure solenoidal forcing: a long line of stations
and low-level terrainfollowing flight tracks
across the mountain would be superior. The large
azimuthal asymmetry of don 25 July explains the
large v ariations in ﬂseen in Fig. 9c, especially
forthe lower, outer loop. Aircraft data give some
indication for the expected baroclinicity on 6
August (Fig. 9e). This series of loops was flown
later than the others and closer to LSN. Certainly
the diff erence in observed surface corvergence
(not shown for 19 and 25 July) strength cannot
be i by in the y
(Fig. 9). We ako plotted the data points at the
observed height MSL, with their distance from Mt
Lemmon determined by the condiion that their
plotted height above the average terrain profile
equals the actual height AGL. This method
redistributes the data and does reveal the
expected baroclinicity more clearly, especially in
two cross sections on 25 July (Fig. 10), when the
anabatic flow was the strongest. Here the aircraft

data suggest a radial 9 ,gradient of roughly 1
K/(10 km), with warmer air closer to the
mountain.

6. WRF SIMULATIONS

Detailed simulations using the Weather,
Research and Forecasting, Nonhy drostatic
Mesoscale Model (WRF-NMM) model have been
conducted on 3 days (19 and 25 July and 06
August) during CuPIDO. Several modeling
studies have been performed using idealized
terrain to simulate the developing corvergent
flow  over heated, elevated terrain
(REFERENCES), however, lack the connection
to obsewvations and simulations over actual
terrain. CuPIDO allows both and addresses
issues such as how well WRF can accurately
simulate  the  obseved — mountainscale
conv ergence and corv ective dev elopment? Also,
what drives mountain-scale convergence and
how does BL flow interact with orographic
conv ection?

gty

Fig. 11: Actual ISFF locations (green asteris) and the
closest WRF grid point (red diamonds) used for

a. WARF initialization and validation

Using the 00 UTC NCEP North
American Mesoscale 12 km grids for the
respectable day and configurations specffied in
appendix A, WRF ran for a 36-hour forecast. In
order to validate the model, we look at the WRF's
corvergent profile defined by the 10-sided
poly gon defined by the ISFF stations. Figure 11
shows the 10 ISFF stations and WRF’s closest
grid point to each station. From these points, a
model, mountainscale corvergence can be
computed using 10m winds. Figure 12 illustrates
such measurements from two separate
simulations for 06 August 2006. Two PBL
schemes (Mellor-Yamada-Janjc (MYJ) and the
Yonsei University) were chosen to illustrate the
benefit of using one over the other. Figure 12
demonstrates no added advantage of using
either PBL scheme; so for the remainder of
discussion, simulations using the standard MYJ
PBL scheme are examined. Figure 13 shows the
ability of the WRF to accurately simulate the
vertical structure of the atmosphere. Winds are
primarily weak and from the south-southeast at
the surface, veering towards the north above the
PBL to 700 hPa then WSW from that point
upward. The mid-level moisture presert in the
actual 12 UTC KTUS sounding is not present in
the WRF and probably attributed to the
radiosonde travelling through an altostratus
deck.

convergence 101

e UTQ)

Fig. 12: Moun; I
from the ISFF stations (black solid) and two WRF runs
using the Mellor-Yamada-Janjic PBL scheme (grey
dashed) and another using the Yonsei University
scheme (grey solid) for 06 August 2006.
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Fig. 13: Model versus actual 12 UTC KTUS s

for 06 August 2006. Temperature profles are ilustatod

in red and dewpoint profiles in green (dashed-actual
and solid-WRF). Wind profiles are illustrated on the
right (black-WRF and grey-actual).

b. Thermally-driven orographic flow

Observations show nocturnal, drainage
flow becoming convergent between 13 and 15
UTC (figs. 5 and 6) as the surface warms and the
surface lay er couples with the residual layer from
the previous evening. Figure 14 illustrates 2 m
potential temperature and 10 m winds for
forecast hours 12, 16, 20, and 24 on 06 August.
Drainage flow exist in valleys and gullies around
the SCM at 12 UTC. South to southwesterly
winds along the ridgeline is most likely attributed
to the mean flow at those levels and not drainage
flow (see fig. 13). Four hours later (16 UTC) the
surrounding v alley warms by 4-6 K deepening the
BL to over 1 km, therefore, eroding any hint of
drainage flow near sunrise. Corvergent flow
commences on the NE side. The ridgeline still
exhibits southwesterly flow still above the valley
BL level. By 20 UTC, the BL deepens further over
the valley and now analogous to the height of the
ridgeline and convergent flow is obvious 10-15
km surrounding the mourtain. The nothwestern
side and Bear Carnyon, located southern
periphery of the SCM, exhibits the strongest
corv ergence. Weaker corvergence due to wake
flow around the SCM exists on the northeastern
side. By 00 UTC 07 August, the BL has
sufficienty warmed and verttical mixing has
eliminated some of the convergence as evident
by the westerly winds primarily on the western
side of the SCM. The strongest convergence at
this time appears on the northeastern side due to
the wake left behind the westerly surface flow.
Figure 15 illustrates a composite view during
which WRF dev elops the strongest corvergence
around the SCM (20 UTC). The black line in fig.
15b represents the cross section shown in (a)
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Fig. 14: 2 m 6 (color shaded) and 10 m winds along as simuizted by WRF for 12, 16, and 20 UTC 06 August and 00 uTe
07 August 2007. Boundary layer depth (dashed line) through and east-west cross section across Mt. Lemmon is also

shown for the res pectabl e time.

and (c). The cross section in (a) and (d) shows
BL depth and the 2m 6 and 10m winds with the
center point being Mt. Lemmon represented by 0
km along the x-axis respectfully. Fig. 15c shows

v

BL development and surface warming along with
winds becoming corv ergent throughout the day.
Once the BL top deepens over the lower terrain
to the height of Mt Lemmon winds become
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Fig. 15: Compasite view during which WRF devel ops the strongest convergence around Mt. Lemmon. (a) llustrates PBL
depth along a 60 km cross s ection with the center being Mt. Lemmon. The cross section line s represented bythe black
line in (b). A plan-viewof 2 m 8 and 10 m winds showing maximum convergence 10-15 km around the SCM is shown in

(b) and the same is shown in (c) along with BL depth contours throughthe same cross section as in (a). Mountain-scale

WR o lid

hed) and |SFF (black

illustratedin (d).

noticeably corvergent starting a 19 UTC,
specifically on the western side. Also shown in (c)
is the warm core which develops slightly
downwind (northeastern side) over the higher
terrain. This warm core has been documented in
several studies most notably Raymond and
Wilkening (1980 and 1982) and Chen and Nash
(1994), and in modeling studies such as Owille
(1964), de Wekker et al. (1998), Kimura and
Kuwagata (1995), Tian and Parker (2003), and
Zangl and Egger (2004). Due to this warming, the
BL bulges upward slightly downwind as shown in

fig 6a and fig. 8). The 18-23 UTC protile linearly
decreases with height, as does the 12-17 UTC,
and becomes divergence at/slightly below the
av erage PBL top located near 750 hPa (~2550 m
AGL). Therefore, the WRF shows the solenoidal
circulation is indeed contained within the PBL
with the strongest inflow (convergence) occurring
at the surface, becoming non-div ergent generally
3/4 z and divergent (outflow) just below PBL top.

As discussed in section 5, solenoidal
forcing implies a hydrostatic pressure difference
between the ~mourtain footprint and the

(a). Model convergerce closely the
ISFF measured convergence with flowing
becoming convergent at 14 UTC and gaining
strength as the morning continues and the
surface becomes a heat source. After peaking at
20 UTC, convergence diminishes as the BL fully
develops, the thermal gradient relaxes between
the warm core located ov er the mountain and the
surrounding valley, and the mean flow becomes
dominant over the anabatic component (mean
component not shown). Figure 16 illustrates the
vettical profile of convergence as defined by the
10-sided surface polygon upward to 200 hPa.
The 12-17 UTC conv ergence av erage (black line)
shows strongest corvergence a the suface
linearly declining and becoming divergence
near/slightly below the PBL average top of 820
hPa (or roughly 550 m AGL). Aircraft and surface
observations on this date confimed this profile
(see fig. 5). The 18-23 UTC average (grey line)
shows strengthening BL corvergence as
expected since, on average, surface
conv ergence peaks near local solar noon (see
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Fig. 16: Convergence profiles as computed from WRF

on 06 August 2006. The bl ack (grey) line repres ents the

127 UTC (18-23 UTC) average. The convergence

area is defined by the midpoint-to-midpoint 10-sided

surface polygon (ISFF station locations) up to 200 hPa.

L i air. Ol show (fig. 10)
radial temperature gradient of roughly 1 K/(10
km), with warmer air closer to the mountain which
supports the notion of a “warm dome” over the
higher terrain. Figure 17 illustrates the radial
potential temperature difference between Mt.
Bigalow (2 m temperature approximately 2583 m
ASL) and the surrounding pressure level (~750
hPa) for specific distances listed. Also plotted on
the right axis is the corresponding PBL height
(average) along the same compass direction.
One should notice the distinct correlation
between positive temperature differences (Mt.
Bigalow's surface becoming wamer than
surrounding distances at constant pressure) and
PBL height. Once the PBL top over the
corresponding  radial  locations  becomes
analogous to Mt Bigalow, those locations now
experience that pressure gradient force. The
peak temperature diference generally occurs
earlier on the east and south sides which
intuitvely makes sense as these surfaces are
heated earlier and, therefore, peak earlier.
Averaging all distances and directions yields a
peak temperature difference between 19 and 21
UTC coinciding with the peak in surface
corvergence (fig. 6, 8 and 12). Fig. 17 also
shows the greatest temperature difference
occurring between 5 and 10 kmfrom Mt. Bigalow;
however still seen at 20 km suggesting the
solenoidal forcing is strongest near the higher
terrain and decreases further away. Figure 18
illustrates two-dimensional 6 diference between
specific sufaces and the surrounding pressure
level For example, fig 18a shows 6 difference
between areas with a station pressure
approximately 750 hPa (2m 6) and the
corresponding pressure level (750 hPa 6). Figure
18b and c illustrates the same only for 800 and
850 hPa respectfully and 18d shows an east-
west cross section of PBL height through Mt.
Lemmon. Virtually all levels show a warm dome
ov er the respectf ul pressure but none as large as
750 hPa. The prevailing winds at 800 and 850
hPa (fig. 18b and c respectfully) transports the
warm dome downwind (winds not shown) y ielding
temperatures at or slighty below those a the
same pressure. The warm dome bulging the PBL
top over the mourntain at the highest elev ations
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Fig. 17: Potential temperature difference (solid colored) between Mt. Bigalow (2 m) and radial compass distance (5, 10,
15, and 20 km) near the same pressure level (~750 hPa) for 20 UTC 06 August 2006. Average PBL height (dashed black)
along the same distance and compass direction are illustrated on the right axis.

(~750 hPa) situates itseff right over the mountain
top due to weak winds (not shown) and non-
divergent flow through the 10-sided poly gon (ig.
16) occurring at 750 hPa. Whether this warm

dome is the condut between the suface
anabatic flow and the lower free troposphere via
cumulus dev elopment is urknown. Further WRF
analysis on 06 August 2006 is needed.
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Fig. 18: Planvew pmermal temperalure diflerence between the surface at that particular pressure level and the
surrounding constant pressure surface for (a) 750 hPa (b) 800 hPa and (c) 850 hPa for 20 UTC 06 August 2006. Panel (d)
illustrates an east-west cross section through Mt. Lemmon of PBL height for the same time. The blackcross indicates Mt.
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7. Conclusions

Surface and aircraft data collected over
the Santa Catalina Mountains in Arizona were
used to study the development of mass and heat
convergence over an isolated heated mountain,
and their relation to orographic conv ection. This
study focused on three days, and included an
additional 13 days, each with Cu congestus or Cb
development over the mountain. The main
flndlngs are as follows:

Aircraft data collected along a closed

loop around the mountain in the lower

CBL indicate that mountainscale

corvergence can be estimated well

using data from a series of surfface
stations around the mountain.

* An orographic toroidal circulation with
low-level anabatic flow and divergence
near the CBL top is sometimes but not
always present prior to orographic
cumulus dev elopment.

* Station data indicate that mountain-
scale corvergence typically develops
shortly after sunrise and peaks close to
local solar noon. The anabatic flow is
driven by suface heating over the
mountain, resuting in solenoidal f orcing
and a hydrostatic horizontal pressure
gradwenl force towards the mountain.

. phic cumulus and ct
deve\opmen( are not triggered by
mountain-scale mass convergence near
the surface, but rather probably by local
surface heating; in fact conv ergent flow
may suppress the inttiation or deepening
of convection over mourtains. This does
not mean that the low-lev el corvergence
of moist static energy by the anabatic
flow is not essential for the maintenance
of orographic convection. Surface flow
tends to be katabatic following a
thunderstorm  outbreak  over the
mountain.

* WRF simulations show the ability to
correctly diagnose the developing
anabatic flow and resulting ‘warm
dome” which develops over the Santa
Catalina mourtains; however, more
analysis is needed to determine its role
in orographic conv ection.

The 3% and 4™ conclusions will be corroborated
in a follow-up study using two morths of station
data, collected as part of CuPIDO, and results
will be stratfied as a function of stability,
thunderstorm development, and soil moisture.
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