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1. INTRODUCTION 
 

  It is well-known that cumulus conv ection 
erupts almost daily close to solar noon ov er the 
mountains in the interior western United States 

during the summer. Most introductory 
meteorology  textbooks display  schematics of 
topographically -induced, thermally -forced 

circulations over mountains (e.g., Ackerman and 
Knox 2007, p.365; Aguado and Burt 2007, 

p.238). Ev en relatively  simple numerical 
simulations have shown that under sufficient 
solar radiation f orcing, weak stratif ication, and 

weak wind, a thermally-direct circulation develops 
ov er a mountain, with anabatic f low conv erging 
ov er the mountain. 

  The anabatic circulation may  be hard to 
detect because of the intense mixing within the 
CBL. Conv ective turbulence may mix the 

anabatic momentum ov er a considerable depth, 
and the ascending flow in thermals is far stronger 
than the mountain-scale updraft due to net 

anabatic f low. The CBL develops as a result of  a 
positiv e surf ace sensible heat flux, both ov er 
mountains and the surrounding plains. The CBL 

topography  ov er 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 lay er, the toroidal 

circulation remains contained within the CBL 
(e.g., Banta 1984). When the capping is weaker, 
and suff icient low-lev el moisture is present, this 

circulation can lead to orographic cumulus 
conv ection, and an unknown part of  the 
mountain-scale circulation is carried up through 

cloud base and detrained at higher lev els in the 
free troposphere. This vertical transf er is 
concentrated into a number of v igorous buoyant 

cumuli smaller in width than the mountain. 
Buoy ant cumulus convection may enhance the 
mountain-scale conv ergence near the surf ace, 

and maturing conv ection may suppress the 
conv ergence (e.g., Raymond and Wilkening 
1982). Thus sev eral orographic cumulus growth 

cy cles are possible in a single day , as has been 
observ ed (e.g., Zehnder et al. 2006). 

Thermally -forced orographic 

conv ergence and associated deep conv ection 
are essential to warm-season precipitation and to 
surf ace-troposphere exchange in regions with 

complex terrain. Because the mountains that 
driv e the localized CBL conv ergence and deep 

conv ection are often small compared to model 
resolution, their impact on surface precipitation 

and deep-tropospheric conditions is poorly 
predicted by current numerical weather prediction 

(NWP) models (e.g., Bright and Mullen 2002). 
Ev en NWP models of  sufficient resolution to 
resolv e the thermally -direct orographic 

circulations are challenged in their ability to 
simulate the surf ace f luxes and CBL 
dev elopment ov er complex terrain, and thus to 

predict the timing and intensity of ensuing 
thunderstorms (e.g., Yu et al. 2006). 

The purpose of  this observational study 
is to document the ev olution and v ertical prof ile of 
anabatic f low (and associated heat convergence) 

ov er an isolated mountain, to examine the f low’s 
thermal f orcing, and to relate the f low to 
orographic cumulus dev elopment.  Sections 2 

and 3 respectiv ely  discuss the data sources and 
analysis method.  Observ ations are summarized 
in Section 4. Section 5 examines the f orcing of 

anabatic flow and its relationship with cumulus 
conv ection and section 6 shows initial modeling 
results f rom Weather, Research, and Forecasting 

(WRF) simulations. 
 

2. DATA SOURCES 
 

The data used in this study were 
collected as part of  the Cumulus 

Photogrammetric, In situ and Doppler 
Observ ations (CuPIDO) campaign during the 

2006 monsoon season around the Santa 
Catalina Mountains (SCM) in southeast Arizona 
(Damiani et al. 2008)

1
. This mountain range has 

a horizontal scale of  20-30 km and a v ertical 
scale of ~2000 m abov e the surrounding plains. 
Sixteen days were selected, each with orographic 

cumulus dev elopment, aircraft data, soundings, 
and surf ace meteorological data (see Table 1 in 
Damiani et al. 2008). We mainly  examine data 

from the three of  these 16 days with the best 
aircraf t data. The University  of Wyoming King Air 
(WKA) aircraft measured winds, state v ariables, 

and humidity  at sufficient f requency  to compute 
v ertical f luxes. Mobile GPS Adv anced Upper-Air 
Sounding Sy stem (MGAUS) sondes were 

released at 45-90 minutes interv als during WKA 
f lights, from a location just upstream of the 
mountain top. Ten automated surface 

meteorological stations were positioned around 
the mountain (Fig. 1). All measured basic  
av erages are used in this study. Temperature 

and humidity was measured at 2 m, wind at 10 m  

                                                 
1
 All CuPIDO data are archi ved at 

http://www.eol.ucar.edu/proj ects/cupido/.  
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Fig. 1: Locati ons of the 10 ISFF stati ons around the 
Santa Catalina Mountai ns and the definition of the 

station pol ygon (solid yellow lines), based on mid-points  
between surface stations . The red cr osses represent 
sounding launch sites (Windy Point near station S and 
Stratton Canyon at station NE).  
 

meteorological v ariables at 1 Hz; fiv e-minute 
AGL. Four stations were located on sufficiently 
lev el and homogenous ground that surface heat 

f luxes could be computed using the eddy 
correlation method, from data at 7 m AGL. The 4-
station, 30 minute average sensible and latent 

heat f lux is denoted at SH and LH, respectiv ely. 
We also use meteorological data from a tower 
located on Mt Bigelow on the SCM spine, and 

from an astronomical observatory  on Mt 
Lemmon, the highest point of the SCM. 

 

3. AN AL YSIS METHOD 
 

Both the f light patterns 
(circumnav igations) and the positioning of the 
surf ace 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) f or dry  orographic circulations and 
Ray mond and Wilkening (1982) f or orographic 
cumulus. The mass convergence MC (kg m

-1
 s

-1
) 

is def ined as: 

dsvMC n∫= ρ  (1) 

where vn (ms
-1

) is the wind component normal to 

the track, positiv e towards the mountain, ρ  (kg m
-

3
) is the air density, and ds (m) is the incremental 

distance along the line integral. For aircraft data, 

1 Hz data are used, giv ing a ds v alue of  ~90 m. 
For station data, ds is the distance between the 
mid-points between stations (Fig. 1), and vn the 

wind component normal to sd
r

at the station 
between these midpoints. We then use the 
div ergence theorem (Holton 2004; Johnson and 
Priegnitz 1981) to estimate the mean 

conv ergence within the aircraft loop or the station 
poly gon (Fig. 1) with area A (m

2
):  

hn vdsvA
r

•−∇=∫−1
 (2) 

Here hv
r

 is the horizontal wind v ector. A 

conv ergence profile can be conv erted to a mean 

updraft w  (ms
-1

) within the loop: 

[ ]∫ ∫=
op

p

n

p

dpdsv
Ag

w
ρ

1
 (3) 

This assumes anelastic continuity and 0=w at 
the surf ace. The integral bounds are the surf ace 
pressure po 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 
f or the station poly gon area. The area is 576 km

2
 

f or the station poly gon, and about 739, 399, and 
219 km

2
 for the 300 m AGL, 780 hPa, and 700 

hPa WKA loops around Mt. Lemmon. 

The mean inf low nv  (m s
-1

), ref erred to 

as the anabatic f low speed, is computed as 
f ollows: 

∫= dsv
C

v nn

1
 (4) 

where ∫= dsC is the loop length, ranging f rom 

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

The mean (adv ectiv e) wind mv
r

is def ined 

as the v ector mean wind along the track. Its 

magnitude will be compared to nv , to assess 

whether the f low primarily  passes over/around 

the mountain, or is drawn towards the mountain. 
We aim to quantify  the horizontal f lux 

conv ergence of  mass and energy  ov er the 

mountain, and place this in the context of 
changes in moist static energy  ov er the 
mountain. Moist static energy  h is def ined as 

qLgzh v++≡ πθ , where ∆ is the Exner 

f unction (J kg
-1
 K

-1
) ,  

pc
R

o
pp p

p
cTc 






== θπ  ,  (5) 

cp (J kg
-1

 K
-1

) is the specif ic heat under constant 

pressure, R (J kg
-1

 K
-1

) the ideal gas constant f or 

dry  air,  po=1000 hPa, θ (K) the potential 
temperature, T (K) the temperature, g (ms

-2
) 

grav ity, z (m) height, Lv (J kg
-1

) the latent heat of 

condensation, and q (kg kg
-1

) the specif ic 
humidity. The conserv ation equation of h, f or 
inv iscid flow, implies (e.g., Batchelor 1967, 

equation 3.1.16): 

Svh
t

h
=⋅∇+

∂

∂
)(
r

ρ
ρ

 (6) 

Here ρ �(kg m
-3

) is air density, v
r

the 3-D wind 
v ector, and S (W m

-3
) is a diabatic heat source 

other than due to condensation/ev aporation, e.g. 
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Fig. 2: Profiles of θ, θe, θe* and wind at 1532 UTC (grey ) and 2000 UTC (black) on 06 August 2006. The data are derived from a 

MGAUS sonde released at Stratton Cany on at 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 correspond with 5 ms
-1

, double the standard convention. 
 
radiativ e heat convergence. Integration of  (6) 
ov er area A giv es: 

dASdA
z

hw

dshvdA
t

h

AA

n

A

∫∫∫∫

∫∫∫

+
∂

∂

−=
∂

∂

ρ

ρ
ρ

 (7)

 

The f irst term on the right of  (7) is the horizontal 
f lux conv ergence. This line integral, deriv ed using 

the 2-D div ergence theorem, is computed ov er 
the closed loop defined by the station poly gon 
(Fig. 1) or the WKA f light loops. This term is not 

preceded by  a minus sign because the line-
normal f low vn is def ined as positive towards the 
mountain. The second term on the right in (7) 

denotes the v ertical f lux conv ergence. 
Substitution of the definition of h in (7) yields: 

( )

( )

VIVIV
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IIIIII
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(8)  

  

According to (8), the net change of moist static 
energy (I) expressed per unit v olume ov er the 

mountain equals (II) the horizontal convergence 
of  sensible heat, (III) the horizontal conv ergence 
of  latent heat, (IV) the horizontal conv ergence of 

potential energy, (V) the vertical flux convergence 
of h, and (VI) any diabatic heat sources. Terms II 
and III are controlled by  MC, slightly  modulated 

by v ariations in temperature and water v apor 
respectively along the track. Term IV is negligible 

if the average height of  the stations or of the 
aircraf t along the f light 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 
f ar smaller than the horizontal heat conv ergences 
(terms II and III) near the surf ace. But in a control 

v olume centered over the mountain, horizontally 
conf ined by  the surf ace stations and vertically 
conf ined by  a capping lay er above the CBL 

(Fig.1), the net horizontal heat conv ergence is f ar 
smaller in magnitude than that either near the 
surf ace or that in the upper CBL. Thus a net 

change in h (term I) in the CBL over the mountain 
may  be dominantly affected by the surface heat 
f lux (term VI). In this paper, we examine the 

surf ace heat f lux (term VI) and the horizontal 
conv ergence (terms II and III). We only  display 
horizontal mass conv ergence (MC), inf erred from 

surf ace and aircraft data, because terms II and III 
are essentially proportional to MC. 
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Fig. 3: Evoluti on of the depth of orographic cumuli over  

the SCM on 06 August. Also shown are the height of  
the mountai n, the lifting condensation level (LCL) and 
the depth of the convecti ve BL. The latter two are 
inferred from the MGAUS soundings. The LCL is  
computed assuming an air parcel mi xed adiabatically in 

the l owest 500 m. 

 
4.      CASE STUDY OF MASS CONVERGENCE 
 
         We now illustrate the evolution of  mass and 
moisture conv ergence and cumulus growth f or 

06-August during CuPIDO. In order to compare 

nv  v alues and resulting mass and energy 

conv ergence values f rom aircraft data with those 
from station data, the station data are low-pass 
f iltered to 20 minutes, the time needed to 

complete the WKA outer loop. The ev olution of 

nv  and convergence is interpreted in terms of 

local surf ace heat f luxes and the prof iles of 
stability and wind. We characterize static stability 

by considering profiles of θe and the saturated 

equiv alent potential temperature (θe*), as in Fig. 
2. 

On 26 July  an unusually  wet spell started, 
with dewpoint v alues well abov e av erage 

(Damiani et al. 2008). 6 August was the first day 
since the start of  this spell that the daily-mean 
surf ace dewpoint dipped below the climatological 

av erage and the early-morning sky  was clear. 
The MGAUS soundings rev eal mostly weak and 
v ariable winds (fig. 2) over the depth of  the Cu 

congesti that formed over the mountain in the 
early afternoon (Fig. 3).  

A sounding released during the Cu 

congestus growth phase rev eals a CAPE v alue of 
just 720 J kg

-1
, and essentially  no convectiv e 

inhibition (Fig. 2, 1930 UTC sounding). Two 
lay ers of potential instability were present at 1930 
UTC, one above the CBL and one near 5.5 km 

(a)      (b) 

  
(c)      (d) 

  
Fig. 4: Snapshots of cumulus evolution on 19 Jul y, from camera CC6 located on the campus of the Uni versity of Arizona, 
at (a) 1900 (b) 2010 (c) 2120 and (d) 2220 UTC. 
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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 appl y to aircraft measurements at three levels. Sunrise, local sol ar noon, and ti me of first Cu 

are shown. In (b), both the anabatic wind (eqn 4) (black line and symbols) and the mean wi nd speed (grey line and 
symbols) are shown. (c) Mass  convergence profile from surface and airborne measurements. T he surface measurements  
represent 20 min averages at times correspondi ng to each of the aircraft loops. (d) Average surface sensible and latent 
heat flux for the four surface flux stati ons shown in Fig. 2.  
 

MSL (Fig. 2). A weakly  stable lay er between 7 
and 9 km MSL blocked f urther growth of the Cu 
congesti. The f irst orographic Cu formed f airly 

late (1800 UTC) (Fig. 4a), and the cloud tops 
grew gradually  over the course of three hours 
(Fig. 4b, c, 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 
dev eloped in the afternoon, mainly east of the 
SCM (Fig. 4d).   

Anabatic f low started rather early  on this 
day, at about the same time as when SH became 
positiv e. In the early afternoon (21-23 UTC) the 

cloud top heights abov e Mt Lemmon waned (Fig. 
3 and Fig. 4d). The last av ailable sounding, at 21 

UTC, does not rev eal any  mid-lev el dry ing or 
stabilization compared to previous soundings on 
this day , thus this cloud top decline must be 

related to boundary-lay er processes: both the 
surf ace energy  fluxes (Fig. 5d) and the mass 

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

Eight loops were f lown around the 

mountain, all after the first orographic Cu. The 
outer and middle loops were within the CBL, the 
inner loops remained abov e the CBL (Fig. 5c). 

The f iv e early loops (1750-1920 UTC), flown 
during the early  Cu growth phase, indicate that 
the f low was conv ergent at low lev els (consistent 

with surf ace observations during this period), 
non-div ergent in the upper CBL (780 hPa), and 
div ergent above the CBL (700 hPa). This is the 

strongest ev idence y et f or a toroidal circulation, 
partly  contained within the CBL. During the Cu 
decay  phase after 21 UTC, another stack was 

f lown. Strong convergence was encountered at 
low and mid lev els, in discordance with surface 

measurements and the observ ed Cu ev olution. 
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Fig. 6: (a) Diurnal variation of mass convergence on days with orographic 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) Diurnal 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 

dev elopment on surf ace mass convergence f or 
the 16 f light days. On each of these days 
orographic Cu developed, most commonly 

between 16-17 UTC (Fig. 6b), i.e. ~three hours 
bef ore LSN. Orographic cumuli reached their 
maximum height most commonly in the first two 

hours after LSN, and their peak depth was at 
least 4 km, i.e. 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 f lew 24 

loops around the mountain at 300 m AGL, all 

within the CBL, and all within 3.5 hours of LSN. 
The diurnal trend of  mass conv ergence at the 
surf ace agrees well with the 24 convergence 

estimates f rom these f light loops (Fig. 6a), 
indicating that surf ace wind data alone are 

suff icient to estimate the conv ergence within the 
CBL. This is important because aircraft data are 
relativ ely expensive to collect, and the number of 

aircraf t loops flown is insufficient to rev eal the 
diurnal trend apparent in the 16 day record.  

The composite conv ergence (Fig. 6a) 

suggests that no enhanced conv ergence was 
present in the hours bef ore Cb dev elopment, and 
trends for indiv idual days conf irm this: the 

conv ergence on Cb days does not substantially 
exceed that on congestus-only  days at any  time. 
In f act ov er the course of  the day, less surface 

conv ergence occurs on Cb day s compared to 
congestus-only  days. The one f eature that 
distinguishes Cb days is that surface 

conv ergence generally  v anished around LSN, 
with clear div ergence after 22 UTC. High 

v ariability existed amongst the 7 Cb days and 
analysis of  the indiv idual day s indicates that 
surf ace div ergence generally  developed shortly 

after the first lightning, suggesting cold pool 
dev elopment, as was observ ed in one case by 
Ray mond and Wilkening (1982). Thus, while 

thunderstorms 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. T he solid lines represent the average 
convergence profiles for Cb days and congestus days. 

The two ISFF measurements represent the ti me-
averaged surface station measurements during the 
period of aircraft measurements, which occurred 
between 16 and 22 UTC. The dotted lines are vertical  
vel ocity (w) profiles deri ved from the convergence 

profile, assuming w=0 at the ground.  

 
than Cu congesti, surf ace measurements 
suggest that orographic thunderstorms suppress 

the BL solenoidal circulation, due to cold-pool 
spreading.  

The weakening of  the solenoidal 
circulation by thunderstorms is conf irmed by 
aircraf t data. The 300 m AGL f light loops support 

the notion of  af ternoon div ergence on Cb days 
(Fig. 6a). At the mid-level (780 hPa), div ergence 
occurs on Cb days, and conv ergence on 

congestus-only  days (Fig. 7). This is especially 
surprising since all but one 780 hPa loop on Cb 
days were f lown bef ore Cb occurrence. At 700 

hPa no signif icant difference exists between Cb 
and congestus-only days. Mountain-scale v ertical 
v elocity (w) can be computed f rom the 

conv ergence v alues at v arious lev els, using air 
mass continuity  and assuming w=0 at the 
surf ace. On congestus-only days deep rising 

motion is present in the CBL, peaking at 0.21 ms
-

1
 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 the mean anabatic 
f low at the surface (0.4 ms

-1
 on av erage, during 

the period of  the congestus-only  f light loops, see 
Fig. 6a), the peak mountain-scale vertical velocity 
may  be slightly  higher, about 0.25 ms

-1
. 

Orographic ascent in the CBL is weaker and 
shallower on Cb days (Fig. 7). Thus the aircraft 

data corroborate the conclusion reached from the 
surf ace data. 

The two-month long record of  ISFF data 
f urther corroborates that thunderstorms suppress 
the near-surface convergence: Fig. 8 contrasts 

the composite mountain-scale conv ergence on 
days with thunderstorms (as determined by 
lightning occurrence within 13 km f rom 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 inf erred from CC6 time lapse 
photography ). Clearly the solenoidal surface 

conv ergence is suppressed on Cb day s, starting 
around LSN, while it is sustained through the 
afternoon on shallow Cu day s. 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 f urther in a separate 
study.  

This conclusion is counterintuitive, yet it is 

not inconsistent with the aircraft data analysis by 
Ray mond and Wilkening (1982). While the mean 
anabatic flow does converge moist static energy 

needed to sustain orographic conv ection, it may 
not explain the onset of  orographic deep 
conv ection. In general deep convection is 

triggered where the CBL reaches the lev el of f ree 
conv 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 terms of eroding the convectiv e 

inhibition (CIN) and maximizing CAPE, the 
anabatic f low does not help: it is the nature of 
solenoidal f orcing that anabatic surface flow 

adv ects cooler air and aims to destroy the 
horizontal diff erence of  v irtual potential 

temperature ( vθ ) (Section 5.b). Thus, ignoring 

any  horizontal moisture gradients, anabatic flow 

lowers the moist static energy, 

 
Fig. 8: Diur nal variation of the mountai n-scale 

convergence, inferred from the 10-station pol ygon (Fig. 
1), for 15 days with shallow orographic cumuli (grey 
line), and for 27 days with lightni ng over the SCM 
between 18-00 UTC (black line), between 22 June and 
29 August 2006.   
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increases CIN, and decreases CAPE. This is 

consistent with the absence of enhanced 

anabatic f low prior to conv ective bursts, as 
discussed above. 

The implications are twof old: (a) mountain-
scale mass convergence near the surface cannot 

be used as a precursor for convective initiation 
over mountains, unlike in the plains (e.g., Wilson 
and Schreiber 1986; Wilson et al. 1992); and (b) 

orographic cumulus vertical growth is controlled 
by something else; the most likely 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 composite surface data in Fig. 6a 
demonstrate that mountain-scale convergence 
dev elops about 1.5 hrs after sunrise, at about the 

same time as surf ace heating commences 
(SH>0, Fig. 6c). Such early start is typical f or 
small-scale upslope f low [p. 179 in Whiteman 

(2000)], but it is earlier than expected f or a 
mountain-plain circulation of  this size. This is 
addressed f urther in Geerts et al. (2008). The 

conv ergence also peaks about 2 hrs bef ore LSN 
(the time that SH peaks) on thunderstorm days 

(Fig. 6a, Fig. 8), about 1 hr bef ore LSN on Cu 
congestus days, and about 1 hr after LSN f or 
days with shallow Cu only (Fig. 8). This shift in 

peak convergence time conf irms that moist 
conv ection suppresses the solenoidal circulation 
in the CBL. 

These f indings 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 ev olution, moist 
static energy at Mt Bigelow, and mountain-scale 
conv ergence f or 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 thermal f orcing of 

the low-lev el anabatic wind and the toroidal 
circulation. Such circulation mostly  contained 

within the CBL (low-lev el conv ergence, upper-
lev el divergence) appears to be present on 6 
August (Fig. 5c) as well as in the 16-day av erage 

prof ile (Fig. 7). The dev elopment of toroidal 

v orticity (η) around an isolated heated mountain 
is the result of solenoidal forcing, i.e. a gradient 

of buoy ancy (or vθ ) towards the mountain: 

x

g

Dt

D v

v ∂

∂
≅

θ

θ

η
 (9) 

Numerical simulations have documented the 

dev elopment of  this baroclinicity and resulting 
circulation (e.g., de Wekker et al. 1998). 

Theref ore we examine the v ariation of  vθ  in a  

Fig. 9: The left panels are cross sections of virtual  

potential  temperature vθ , expressed as a perturbati on 

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 an i ndicative, 

average terrain profile.  The right panels  show the vθ  

profile from a sounding released ar ound the time that 
the data in the lef t panels were collected. T hey have the 
same vertical  axis as the l eft panels. T he top, middle,  

and bottom panels are for 19 Jul y, 25 Jul y, and 6 
August respecti vely.  
 
v ertical cross section on three days studied (Fig. 
9). The terrain prof ile is an av erage in all f our 

wind directions, starting at Mt. Lemmon. All 
aircraf t and surface station data are plotted as a 

f unction of  their distance f rom Mt. Lemmon. The 
v ertical position of  all data is their height MSL, 
rather than their height abov e the indicativ e 

terrain, because the solenoidal f orcing needs to 
be ev aluated on constant pressure surf aces. This 
places some surf ace stations ‘underground’. In 

most cases the upper flight loop data are 
collected abov e the CBL, as is evident from the 

vθ prof iles (Fig. 9b, d, and f ). Thus, to rev eal 

radial differences, vθ  perturbations are plotted. 

The perturbation vθ  is def ined as the departure 

from the mean at any  of the three f light lev els, or 

from the mean of  the 10 surf ace stations. Data 
from the Bigelow f lux tower are included (the 
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Fig. 10: Cross sections of virtual potential  

temperature vθ 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 obser vations is  shown, but unlike in Fig. 9,  the x-
axis value is the distance at which the actual height 
above the ground opti mall y corresponds  with the height 
above the aver age terrain profile (bl ack line) triangle at  
2583 m MSL in Fig. 9.  

 

For this site the perturbation vθ  is defined as the 

departure f rom the mean vθ  at the 780 hPa flight 

loop, because that f light lev el comes closest to 
the elev ation of  Mt Bigelow. The aircraft data 

were f iltered to 10 seconds (~800 m along-track 
distance) and the 5-min station data were 
av eraged to match the time needed to collect all 

aircraf t data. The radial extent of the data is 
somewhat limited because of the f light patterns 
and the distribution of  surf ace 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 f or the three cross 
sections in Fig. 9 is that Mt Bigelow has a ~2K 

higher vθ  than at the 780 hPa f light lev el, 

including on 19 July and 6 August, when the CBL 

top clearly  was abov e the elev ation of  Mt. 
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 dev elopment associated with cloud top 

subsidence and divergent flow in the CBL. One 
may  argue some instrument calibration problem 

at Mt. Bigelow, so we compared the Bigelow vθ  

v alues to those just above the surf ace in 
soundings released f rom 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 v alues corresponded well. This 
yields ev idence of  a warm core over the 

mountain. 
Otherwise, the aircraft and surf ace data do 

not rev eal a clear pattern of  warmer air ( 0>′
vθ ) 

closer to the mountain. In essence, the station 

lay out and f light pattern were not ideal to 
measure solenoidal forcing: a long line of stations 

and low-lev el, terrain-f ollowing f light tracks 
across the mountain would be superior. The large 

azimuthal asymmetry of θ on 25 July  explains the 

large v ariations in vθ′ seen in Fig. 9c, especially 

f or the lower, outer loop. Aircraft data giv e some 

indication f or 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 observ ed surf ace convergence 
(not shown f or 19 and 25 July) strength cannot 

be explained by  differences in the vθ′  distribution 

(Fig. 9). We also plotted the data points at the 

observ ed height MSL, with their distance f rom Mt 
Lemmon determined by the condition that their 
plotted height abov e the av erage terrain prof ile 

equals the actual height AGL. This method 
redistributes the data and does rev eal 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 vθ 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 hav e been 
conducted on 3 days (19 and 25 July and 06 

August) during CuPIDO. Sev eral modeling 
studies have been perf ormed using idealized 
terrain to simulate the developing convergent 

f low over heated, elevated terrain 
(REFERENCES), howev er, lack the connection 
to observations and simulations over actual 

terrain. CuPIDO allows both and addresses 
issues such as how well WRF can accurately 
simulate the observ ed mountain-scale 

conv ergence and conv ective dev elopment? Also, 
what driv es mountain-scale conv ergence and 
how does BL f low interact with orographic 

conv ection? 
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Fig. 11: Actual ISFF locations (green asterisk) and the 
closest WRF grid point (red diamonds) used for  
mountain-scale convergence measurements .  

 

a. WRF initialization and validation 
 

 Using the 00 UTC NCEP North 
American Mesoscale 12 km grids f or the 
respectable day and configurations specified in 

appendix A, WRF ran for a 36-hour f orecast. In 
order to validate the model, we look at the WRF’s 
conv ergent prof ile def ined by the 10-sided 

poly gon def ined 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, mountain-scale conv ergence can be 
computed using 10m winds. Figure 12 illustrates 
such measurements from two separate 

simulations f or 06 August 2006. Two PBL 
schemes (Mellor-Yamada-Janjic (MYJ) and the 
Yonsei Univ ersity) were chosen to illustrate the 

benef it of using one ov er the other. Figure 12 
demonstrates no added adv antage of  using 
either PBL scheme; so f or 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 
v ertical structure of  the atmosphere. Winds are 
primarily  weak and f rom the south-southeast at 

the surf ace, veering towards the north above the 
PBL to 700 hPa then WSW f rom that point 
upward. The mid-lev el moisture present in the 

actual 12 UTC KTUS sounding is not present in 
the WRF and probably attributed to the 
radiosonde trav elling through an alto-stratus 

deck.  
 

 
Fig. 12: Mountain-scale convergence measurement 
from the ISFF stations (black solid) and two WRF runs  

using the Mellor-Yamada-Janjic PBL scheme (grey 
dashed) and another using the Yonsei Uni versity 
scheme (grey solid) for 06 Augus t 2006. 

 
Fig. 13: Model versus actual 12 UTC KTUS soundi ng 
for 06 August 2006. Temperature profiles  are illustrated 
in red and dewpoi nt pr ofiles in green (dashed-actual  
and solid- WRF). Wind profiles are illustrated on the 
right (black-WRF and grey-ac tual). 

 

b. Thermally-driven orographic flow 
 
 Observ ations show nocturnal, drainage 

f low becoming conv ergent between 13 and 15 
UTC (f igs. 5 and 6) as the surf ace warms and the 
surf ace lay er couples with the residual layer from 

the prev ious ev ening. Figure 14 illustrates 2 m 
potential temperature and 10 m winds f or 

f orecast hours 12, 16, 20, and 24 on 06 August. 
Drainage f low exist in v alleys 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 lev els and not drainage 
f low (see f ig. 13). Four hours later (16 UTC) the 

surrounding v alley warms by 4-6 K deepening the 
BL to ov er 1 km, therefore, eroding any  hint of 
drainage f low near sunrise. Conv ergent flow 

commences on the NE side. The ridgeline still 
exhibits southwesterly f low still abov e the valley 
BL lev el. By 20 UTC, the BL deepens further ov er 

the v alley and now analogous to the height of the 
ridgeline and convergent flow is obv ious 10-15 
km surrounding the mountain. The northwestern 

side and Bear Canyon, located southern 
periphery  of  the SCM, exhibits the strongest 
conv ergence. Weaker convergence due to wake 

f low around the SCM exists on the northeastern 
side. By 00 UTC 07 August, the BL has 
suff iciently warmed and v ertical mixing has 

eliminated some of  the conv ergence 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 f low. 

Figure 15 illustrates a composite v iew during 
which WRF dev elops the strongest convergence 
around the SCM (20 UTC). The black line in f ig. 

15b represents the cross section shown in (a) 

 11 

 
Fig. 14: 2 m θ (color shaded) and 10 m winds al ong as  simulated by WRF for 12, 16, and 20 UTC 06 August and 00 UTC 

07 August 2007.  Boundar y layer depth (dashed line) through and east-west cross  section across Mt. Lemmon is also 
shown for the respectabl e time. 
 
and (c). The cross section in (a) and (d) shows 

BL depth and the 2m θ and 10m winds with the 
center point being Mt. Lemmon represented by  0 
km along the x-axis respectfully. Fig. 15c shows 

BL dev elopment and surface warming along with 

winds becoming conv ergent throughout the day. 
Once the BL top deepens ov er the lower terrain 

to the height of  Mt. Lemmon winds become

 

 

Fig. 15: Composite view during which WRF devel ops the stronges t convergence around Mt. Lemmon. (a) Illustrates PBL 
depth along a 60 km cross section with the center being Mt. Lemmon. The cross sec tion line is represented by the black 
line in (b). A pl an- view of 2 m θ and 10 m winds showing maximum convergence 10- 15 km around the SCM is shown in 

(b) and the same is shown in (c) al ong with BL depth contours through the same cross section as  in (a). Mountain-scale 
WRF (grey-dashed) and ISFF (black-solid) convergence is illustrated i n (d).
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noticeably  conv ergent starting at 19 UTC, 
specif ically on the western side. Also shown in (c) 

is the warm core which develops slightly 
downwind (northeastern side) ov er the higher 
terrain. This warm core has been documented in 

sev eral studies most notably Raymond and 
Wilkening (1980 and 1982) and Chen and Nash 
(1994), and in modeling studies such as Orv ille 

(1964), de Wekker et al. (1998), Kimura and 
Kuwagata (1995), Tian and Parker (2003), and 
Zängl and Egger (2004). Due to this warming, the 

BL bulges upward slightly downwind as shown in 
(a). Model conv ergence closely  resembles the 

ISFF measured conv ergence with flowing 
becoming conv ergent at 14 UTC and gaining 
strength as the morning continues and the 

surf ace becomes a heat source. After peaking at 
20 UTC, conv ergence diminishes as the BL f ully 
dev elops, the thermal gradient relaxes between 

the warm core located ov er the mountain and the 
surrounding v alley, and the mean flow becomes 
dominant ov er the anabatic component (mean 

component not shown). Figure 16 illustrates the 
v ertical prof ile of convergence as def ined by the 
10-sided surf ace poly gon upward to 200 hPa. 

The 12-17 UTC conv ergence av erage (black line) 
shows strongest convergence at the surface 
linearly declining and becoming divergence 

near/slightly below the PBL av erage top of  820 
hPa (or roughly  550 m AGL). Aircraft and surface 
observ ations on this date conf irmed this prof ile 

(see f ig. 5). The 18-23 UTC av erage (grey line) 
shows strengthening BL conv ergence as 

expected since, on average, surface 
conv ergence peaks near local solar noon (see 
 

 
Fig. 16: C onvergence profiles as  computed from WRF  
on 06 August 2006. The bl ack (grey) line represents the 

12-17 UTC (18-23 UTC) average. The convergence 
area is defined by the midpoint-to-midpoi nt 10-sided 
surface pol ygon (ISFF station locations) up to 200 hPa. 

f ig. 6a and f ig. 8). The 18-23 UTC prof ile linearly 
decreases with height, as does the 12-17 UTC, 

and becomes div ergence at/slightly below the 
av erage PBL top located near 750 hPa (~2550 m 
AGL). Theref ore, the WRF shows the solenoidal 

circulation is indeed contained within the PBL 
with the strongest inf low (convergence) occurring 
at the surface, becoming non-div ergent generally 

3/4 zi and divergent (outflow) just below PBL top. 
 As discussed in section 5, solenoidal 
f orcing implies a hydrostatic pressure difference 

between the mountain f ootprint and the 
surrounding air. Observations show (f ig. 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 lev el (~750 
hPa) f or specific distances listed. Also plotted on 
the right axis is the corresponding PBL height 

(av erage) along the same compass direction. 
One should notice the distinct correlation 
between positiv e temperature differences (Mt. 

Bigalow’s surf ace becoming warmer than 
surrounding distances at constant pressure) and 
PBL height. Once the PBL top ov er the 

corresponding radial locations becomes 
analogous to Mt. Bigalow, those locations now 
experience that pressure gradient f orce. The 

peak temperature difference generally occurs 
earlier on the east and south sides which 

intuitiv ely makes sense as these surf aces are 
heated earlier and, theref ore, peak earlier. 
Av eraging all distances and directions y ields a 

peak temperature difference between 19 and 21 
UTC coinciding with the peak in surface 
conv ergence (f ig. 6, 8, and 12). Fig. 17 also 

shows the greatest temperature difference 
occurring between 5 and 10 km f rom Mt. Bigalow; 
howev er still seen at 20 km suggesting the 

solenoidal f orcing is strongest near the higher 
terrain and decreases f urther away. Figure 18 

illustrates two-dimensional θ difference between 
specif ic surf aces and the surrounding pressure 

lev el. For example, f ig. 18a shows θ difference 
between areas with a station pressure 

approximately 750 hPa (2m θ) and the 

corresponding pressure level (750 hPa θ). 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 prev ailing winds at 800 and 850 
hPa (f ig. 18b and c respectf ully) transports the 

warm dome downwind (winds not shown) y ielding 
temperatures at or slightly  below those at the 
same pressure. The warm dome bulging the PBL 

top ov er the mountain at the highest elev ations  
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Fig. 17: Potential temperature dif ference (solid col ored) between Mt. Bigalow (2 m) and radi al compass distance (5, 10, 
15, and 20 km) near the same pressur e level  (~750 hPa) for 20 UTC 06 August 2006. Average PBL height ( dashed black)  
along the same distance and compass directi on are illustrated on the right axis.  

 
(~750 hPa) situates itself right over the mountain 
top due to weak winds (not shown) and non-

div ergent f low through the 10-sided poly gon (fig. 
16) occurring at 750 hPa. Whether this warm 

dome is the conduit between the surface 
anabatic f low and the lower f ree troposphere v ia 

cumulus dev elopment is unknown. Further WRF 
analysis on 06 August 2006 is needed. 

 

 

 
Fig. 18: Pl anview potenti al temper ature difference between the surface at that particul ar pressure level and the 
surrounding cons tant pr essure surface for (a) 750 hPa ( b) 800 hPa and (c) 850 hPa for 20 UTC 06 August 2006. Panel (d)  
illustrates an eas t-west cross  secti on through Mt.  Lemmon of PBL height for the same time. The black cross  indicates  Mt.  

Bigalow. 
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7. Conclusions 
 

 Surf ace and aircraft data collected ov er 
the Santa Catalina Mountains in Arizona were 
used to study the dev elopment of mass and heat 

conv ergence over an isolated heated mountain, 
and their relation to orographic conv ection. This 
study f ocused on three days, and included an 

additional 13 days, each with Cu congestus or Cb 
dev elopment over the mountain. The main 
f indings are as f ollows: 

• Aircraf t data collected along a closed 

loop around the mountain in the lower  
CBL indicate that mountain-scale 
conv ergence can be estimated well 

using data f rom a series of  surface 
stations around the mountain. 

• An orographic toroidal circulation with 
low-lev el anabatic flow and div ergence 

near the CBL top is sometimes but not 
alway s present prior to orographic 

cumulus dev elopment. 
• Station data indicate that mountain-

scale convergence ty pically  develops 
shortly  after sunrise and peaks close to 

local solar noon. The anabatic flow is 
driv en by  surf ace heating ov er the 
mountain, resulting in solenoidal f orcing 

and a hy drostatic horizontal pressure 
gradient f orce towards the mountain. 

• Orographic cumulus and cumulonimbus 

dev elopment are not triggered by 

mountain-scale mass convergence near 
the surf ace, but rather probably  by local 
surf ace heating; in fact conv ergent flow 

may  suppress the initiation or deepening 
of convection over mountains. This does 
not mean that the low-lev el convergence 

of moist static energy by  the anabatic 
f low is not essential for the maintenance 
of orographic conv ection. Surf ace flow 

tends to be katabatic f ollowing a 
thunderstorm outbreak ov er the 
mountain.   

• WRF simulations show the ability  to 

correctly diagnose the dev eloping 
anabatic f low and resulting “warm 
dome” which dev elops over the Santa 

Catalina mountains; howev er, more 
analysis is needed to determine its role 
in orographic conv ection. 

 
The 3

rd
 and 4

th
 conclusions will be corroborated 

in a f ollow-up study using two months of station 
data, collected as part of CuPIDO, and results 
will be stratified as a function of stability, 

thunderstorm development, and soil moisture. 
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