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ABSTRACT

In a recent study, the authors performed numerical simulations of conditionally unstable flows past a meso-

scale mountain ridge in order to investigate the statistically stationary features of the solution precipitation

characteristics for intermediate-to-high values of convective available potential energy (CAPE). That study

proposed a functional dependence of the rain rate on three parameters, related respectively to the triggering

and the orographic forcing of convection and to the ratio of the advective to convective time scales. The present

study extends that analysis to cover larger regions of the parameter space, including experiments corresponding

to a wider range of CAPE. It is found here that the low-CAPE, moderate-wind experiments do not fit the

functional dependence for rain rate amount and location proposed in the authors’ previous study. The analysis

of the present solutions suggests that two additional nondimensional parameters should be taken into account.

1. Introduction

Conditionally unstable flow over complex orography

is a common ingredient of many heavy-precipitation events

(Lin et al. 2001). With respect to stably stratified (Miglietta

and Buzzi 2001; Jiang 2003) and moist-neutral (Rotunno

and Ferretti 2001; Miglietta and Rotunno 2005, 2006)

flows, the orographic precipitation in cases with condi-

tional instability is very sensitive to a number of different

factors involving the complex nature of moist convection

(see, e.g., Yoshizaki and Ogura 1988). This complexity,

together with the three-dimensional stochastic nature of

turbulent convection interacting with precipitation micro-

physics (Bryan et al. 2003), makes the determination of the

conditions favorable to large precipitation accumulation

particularly difficult.

In Miglietta and Rotunno (2009, hereafter MR09),

three-dimensional numerical simulations of conditionally

unstable flows past a mesoscale mountain ridge were

undertaken to investigate the statistically stationary fea-

tures of the solution precipitation characteristics. MR09

found that the response of the simulated precipitation to

different wind speeds U for a moderate-to-high value of

convective available potential energy (CAPE; ;1900

J kg21) is characterized by two basically different types

of solution. In the experiments with weaker environmen-

tal wind speeds, the cold-air outflow, caused by the evap-

orative cooling of rain from precipitating convective cells

into the subsaturated midlevel air, is the main mechanism

for cell redevelopment and movement; this outflow pro-

duces new convective cells near the head of the up- and

downstream density currents, which rapidly propagate far

from the ridge so that no stationary rainfall occurs close to

the ridge at later times (top panel of MR09’s Fig. 8). For

larger wind speeds, the simulations indicate that there is

less time for upwind, evaporation-induced cold-pool for-

mation before air parcels reach the ridge top and descend

downwind of it; thus, quasi-stationary convective cells are

simulated on the upstream side of the ridge. In these

latter solutions for large wind speed, cold pools are ab-

sent or remain very weak close to the orography (bottom

panel of MR09’s Fig. 8), while for the intermediate-wind
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speed case (middle panel of MR09’s Fig. 8), evaporation

is effective in generating a stationary cold pool only on

the downstream side of the ridge. These results are con-

sistent with those obtained in previous idealized numer-

ical studies (Chu and Lin 2000; Chen and Lin 2005) and in

simulations of some case studies (Stein 2004).

MR09 also explored the effect of the topography on

the simulated precipitation characteristics. It was found

that, in general, a narrower and/or shorter ridge pro-

duces a precipitation pattern shifted downstream with

respect to a wider and/or higher ridge (see also Davolio

et al. 2006), as the location where air parcels reach the level

of free convection (LFC) is displaced laterally closer to

the ridge top in the former case (Figs. 11 and 12 of MR09).

The simulated sensitivity of the precipitation to vari-

ations in U, ridge height hm, and width a was summa-

rized in MR09 by a proposed functional dependence of

a nondimensional rain rate on three parameters [their

Eq. (4)], related respectively to the triggering (propor-

tional to hm/LFC), the orographic forcing (proportional

to Uhm/a), and the ratio of the advective time scale ta 5

a/U to a time scale representative of the convective

processes, tc ; ht /(CAPE)1/2, where ht is the height of

the tropopause. This functional dependence was de-

rived by taking into account only a limited portion of

the parameter space; accordingly, MR09 noted that their

conclusions were contingent on further parameter-space

exploration. In fact, MR09 noted (p. 1884) that some

experiments performed with different CAPE and U, but

similar values of the three selected nondimensional pa-

rameters, showed very different nondimensional maxi-

mum rainfall amounts and locations. The purpose of the

present paper is to explain this result and to extend

MR09’s proposed functional dependence by consider-

ation of additional nondimensional parameters.

2. Numerical experiments

The present study is carried out using the 3D nu-

merical model described in Bryan and Fritsch (2002; see

www.mmm.ucar.edu/people/bryan/cm1). The numerical

setup is the same as MR09 (their Fig. 1a), so we will refer

to that paper for further details and limit our description

here to just the essential information. The domain is

320 km long and 20 km wide with a horizontal grid

spacing of 250 m, which is acceptable for simulating 3D

precipitating turbulent convection (Bryan et al. 2003).

The vertical extent of the domain is 20 km, with 59 levels

having a vertical grid spacing varying from 250 m close

to the ground to 500 m in the upper levels.

The orography is prescribed by the bell shape

h(x) 5
h

m

1 1 [(x� x
0
)
�

a]2
(1)

and a bird’s-eye view of it is shown in MR09’s Fig. 1. To

break the y symmetry of the initial condition and obtain

a fully three-dimensional solution, small-amplitude ir-

regularities are added to the ridge. The mountain ridge

is introduced impulsively at time t 5 0 h.

In MR09, attention was focused on experiments for

intermediate-to-high values of CAPE (;1900 J kg21).

Experiments with a wider range of CAPE are discussed

in the present paper. As in MR09, the initial conditions

are horizontally homogeneous and defined by the ana-

lytical formulas provided in Weisman and Klemp (1982);

by modifying the tropopause potential temperature utr,

CAPE varies while the low-level temperature and hu-

midity [as well as other relevant sounding parameters

such as ht, convective inhibition (CIN), the lifting con-

densation level (LCL), and LFC] change only slightly.

In Fig. 1, the temperature and dewpoint of three of the

profiles used in the present experiments are shown; these

soundings are defined using values of utr equal to 333, 343,

and 356 K [corresponding respectively to values of CAPE,

for a parcel close to the surface, of approximately 3600

(high, H), 1900 (moderate, M), and 500 (low, L) J kg21].

The atmospheric wind speed is vertically uniform and

perpendicular to the axis of the ridge.

FIG. 1. The idealized profiles of temperature (8C; solid lines) and

dewpoint (8C; dashed lines) used in our experiments. The lines

represent the profiles for simulations with (left) CAPE 5 3600

(high, H), (middle) CAPE 5 1900 (moderate, M), and (right)

CAPE 5 480 J kg21 (low, L). The gray line represents the pseu-

doadiabatic curve of a parcel lifted from the surface.
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To analyze further the parameter space explored

in MR09, additional simulations were performed with

different values of U, a, hm, and CAPE; the complete list

of experiments is provided in Table 1. The simulations

that do not fit the functional dependence proposed in

MR09 are discussed in section 3, where the dependence

of the nondimensional rain rate on two additional non-

dimensional parameters is also proposed. Concluding

remarks and the prospects for future work are given in

section 4.

3. Low-CAPE regime

Simulations with the same mountain (hm 5 2000 m,

a 5 30 km) but initialized with the different soundings

described above have been performed and the results

compared with MR09’s Figs. 15 and 16, which contain,

respectively, the nondimensional maximum rain rate

Rm/ry,sU (where ry,s is the saturation vapor density at

the surface) and its position on the ridge, Xm/a, as a

function of hm/LFC and hm/a for different values of ta/tc

(3.3, 13.2, and 26.3). To take into account the new ex-

periments performed in the present paper, two figures

are presented here: Fig. 2 shows the dependence of Rm/

ry,sU and Xm/a on hm/LFC and hm/a for ta/tc 5 3.3, as

in MR09’s Figs. 15a and 16a, and Fig. 3 shows the same

plot, but for ta/tc 5 6.6. These values of ta/tc signify a

relatively fast advective time scale compared with that

for convective processes.

Most of the new experiments (some of which are shown

by the gray numbers in Figs. 2 and 3) fit the functional

dependence proposed in MR09; however, the experi-

ments for low CAPE with U 5 10 m s21 (shown by the

black numbers in Figs. 2 and 3) do not fit. For example,

the data point (ta/tc 5 6.6, hm/LFC 5 0.87, and hm/a 5 0.07;

experiment 26 in Table 1), corresponds to Rm/ry,sU 5 1.4

and Xm/a 5 22.4 in Fig. 3, which are respectively too

small and too negative to fit the moderate-to-large-CAPE

cases with the same value of ta/tc.

To further investigate the low-CAPE regime, exper-

iments with different mountains were performed. All

the combinations of ridges with hm 5 500, 1000, and

2000 m and a 5 15, 30, and 60 km were simulated for

both U 5 10 m s21 and U 5 20 m s21.

a. U 5 20 m s21

All the low-CAPE solutions for U 5 20 m s21 show

features similar to the lower panel in MR09’s Fig. 8—

that is, quasi-stationary convective cells on the upstream

side of the ridge. The nondimensional precipitation Rm/

ry,sU fits that proposed in MR09 for ta/tc 5 3.3 (see

Table 1, experiments 10–12 and the gray numbers in Fig. 2)

and for ta/tc 5 6.6 (in Table 1, compare experiments 22–24

with experiments 28–35; see also the gray numbers in

Fig. 3).

b. U 5 10 m s21

Some of the low-CAPE solutions for U 5 10 m s21 do

not fit the functional dependence proposed in MR09.

The maximum rainfall is located far upstream of the

obstacle (see Table 1, experiments 13–15, 25–27, and 42–

44, and the black numbers in Figs. 2b and 3b), in cor-

respondence (we will show below) with a stationary

upstream cold pool, while only for high mountains does

some orographic rainfall also occur close to the ridge

(experiments 15, 26, and 44 in Table 1). In contrast with

the solutions explored in MR09 (their Figs. 11 and 12),

the precipitation maxima in the present low-CAPE, U 5

10 m s21 experiments are nearly independent of the

mountain-shape parameters (see the black numbers

Figs. 2a and 3a and Table 1, experiments 13–15, 25–27,

and 42–44).

From our analysis of the different experiments, it

emerges that a stationary upstream cold pool is a solu-

tion feature in all the simulations with U 5 10 m s21 and

low CAPE. Moreover the cold-pool characteristics are

similar in all cases with a maximum potential tempera-

ture deficit u9 of approximately 23 K and a cold-pool

height (defined as the level where the u9 5 21 K) of

approximately 1.3 km. As a consequence, parcels ap-

proaching the obstacle-like cold pool from upstream

near the ground receive a lift that is independent of

mountain shape, producing a similar condensation and

precipitation amount among all cases in this category.

To further the understanding of why the rainfall in the

low-CAPE and U 5 10 m s21 cases does not conform to

expectations based on MR09’s analysis, we compare two

experiments: one with low CAPE and U 5 10 m s21 and

another one (U 5 20 m s21, hm 5 2000 m, a 5 15 km,

and CAPE 5 1900 J kg21) corresponding to similar

values of the nondimensional parameters (Table 1, ex-

periments 15 and 17, and Fig. 2). In this latter case, the

nondimensional rainfall maximum is about twice as

large as the former while its location is much closer to

the mountain top (Rm/ry,sU 5 3.1 and Xm/a 5 20.4).

Figure 4 compares the cross section of the y average

of u9and of the wind components (w, u) between the two

experiments. Figure 4b (experiment 17 of Table 1) is

typical of the cases analyzed in MR09 with statistically

stationary cells located on the upwind face of the ridge.

However Fig. 4a (experiment 15 of Table 1) shows the

appearance of the abovementioned density current on

the upwind side of the ridge. It is apparent that the two

solutions belong to completely different flow regimes

although they correspond to nearby points in the pa-

rameter space identified in MR09.
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TABLE 1. List of all experiments. The simulations are identified with a number, and the values of U, hm, a, CAPE, and DCAPE are

shown. The values of ta/tc, hm/a, hm/LFC, (DCAPE)1/2/U, Rm/ry,sU 3 102, Xm/a, and NLFC/U are also shown; N is calculated far upstream

of the sounding at t 5 0 h, in the lower layer 2.5 km deep. In expt 3 the rainfall starts at t 5 7 h so that Rm and Xm refer to the values in the

last 3 h of simulation. The experiments that do not fit the functional dependence in MR09 are boldface. Experiments with modified

relative humidity are in the last six entries.

Expt U hm a CAPE DCAPE ta/tc hm/a hm/LFC (DCAPE)1/2/U Rm/ry,sU 3 102 Xm/a NLFC/U

1 20 2000 30 0 457 0.0 0.07 0.00 1.1 1.1 20.3 0

2 10 2000 30 0 457 0.0 0.07 0.00 2.1 0.6 20.3 0

3 10 500 5 480 678 1.1 0.10 0.22 2.6 1.2 0.4 2.5

4 20 500 15 480 678 1.6 0.03 0.22 1.3 1.0 0.1 1.3

5 20 2000 15 480 678 1.6 0.13 0.87 1.3 2.3 20.1 1.3

6 20 1000 15 480 678 1.6 0.07 0.43 1.3 1.4 0.0 1.3

7 10 1000 7.5 480 678 1.6 0.13 0.43 2.6 2.0 20.3 2.5

8 10 1000 10 480 678 2.2 0.10 0.43 2.6 1.8 20.5 2.5

9 10 500 10 480 678 2.2 0.05 0.22 2.6 1.8 20.2 2.5
10 20 500 30 480 678 3.3 0.02 0.22 1.3 0.8 20.5 1.3

11 20 2000 30 480 678 3.3 0.07 0.87 1.3 1.8 20.2 1.3

12 20 1000 30 480 678 3.3 0.03 0.43 1.3 1.4 0.0 1.3

13 10 500 15 480 678 3.3 0.03 0.22 2.6 1.8 20.4 2.5

14 10 1000 15 480 678 3.3 0.07 0.43 2.6 1.8 21.1 2.5

15 10 2000 15 480 678 3.3 0.13 0.87 2.6 1.6 22.2 2.5

16 20 500 15 1925 883 3.3 0.03 0.28 1.5 0.0 0.0 0.8

17 20 2000 15 1925 883 3.3 0.13 1.11 1.5 3.1 20.4 0.8

18 20 1000 15 1925 883 3.3 0.07 0.56 1.5 2.1 0.9 0.8

19 10 1000 7.5 1925 883 3.3 0.13 0.56 3.0 3.8 2.9 1.6

20 15 2000 15 1925 883 4.4 0.13 1.11 2.0 4.2 20.5 1.1

21 20 2000 30 1250 805 5.3 0.07 0.95 1.4 2.2 0.0 1.1

22 20 500 60 480 678 6.6 0.01 0.22 1.3 1.0 20.1 1.3

23 20 2000 60 480 678 6.6 0.03 0.87 1.3 1.0 20.3 1.3

24 20 1000 60 480 678 6.6 0.02 0.43 1.3 1.2 20.4 1.3

25 10 500 30 480 678 6.6 0.02 0.22 2.6 1.8 20.8 2.5

26 10 2000 30 480 678 6.6 0.07 0.87 2.6 1.4 22.4 2.5

27 10 1000 30 480 678 6.6 0.03 0.43 2.6 1.6 21.6 2.5
28 20 500 30 1925 883 6.6 0.02 0.28 1.5 0.9 0.6 0.8

29 20 1000 30 1925 883 6.6 0.03 0.56 1.5 1.9 20.3 0.8

30 20 2000 30 1925 883 6.6 0.07 1.11 1.5 2.1 0.1 0.8

31 20 100 30 1925 883 6.6 0.00 0.06 1.5 0.0 0.0 0.8

32 10 500 15 1925 883 6.6 0.03 0.28 3.0 0.0 0.0 1.6

33 10 2000 15 1925 883 6.6 0.13 1.11 3.0 3.8 0.1 1.6

34 10 1000 15 1925 883 6.6 0.07 0.56 3.0 3.8 1.1 1.6

35 5 1000 7.5 1925 883 6.6 0.13 0.56 5.9 0.0 0.0 3.2

36 10 3000 15 2740 963 7.9 0.20 1.88 3.1 6.9 0.7 1.4

37 20 2000 30 2740 963 7.9 0.07 1.25 1.6 2.1 20.8 0.7

38 15 2000 30 1925 883 8.8 0.07 1.11 2.0 2.6 21.0 1.1

39 20 2000 30 3600 1045 9.0 0.07 1.43 1.6 2.1 20.4 0.6

40 10 2000 30 1250 805 10.6 0.07 0.95 2.8 1.8 20.4 2.1

41 20 2000 120 480 678 13.1 0.02 0.87 1.3 0.4 20.3 1.3

42 10 500 60 480 678 13.1 0.01 0.22 2.6 1.6 20.9 2.5
43 10 1000 60 480 678 13.1 0.02 0.43 2.6 1.6 21.3 2.5

44 10 2000 60 480 678 13.1 0.03 0.87 2.6 1.2 21.9 2.5

45 20 500 60 1925 883 13.2 0.01 0.28 1.5 0.8 0.0 0.8

46 20 2000 60 1925 883 13.2 0.03 1.11 1.5 2.0 20.4 0.8

47 20 1000 60 1925 883 13.2 0.02 0.56 1.5 1.3 20.7 0.8

48 10 100 30 1925 883 13.2 0.00 0.06 3.0 0.0 0.0 1.6

49 10 500 30 1925 883 13.2 0.02 0.28 3.0 0.0 0.0 1.6

50 10 1000 30 1925 883 13.2 0.03 0.56 3.0 2.4 20.1 1.6

51 10 2000 30 1925 883 13.2 0.07 1.11 3.0 3.0 20.6 1.6

52 5 2000 15 1925 883 13.2 0.13 1.11 5.9 0.0 0.0 3.2

53 5 1000 15 1925 883 13.2 0.07 0.56 5.9 0.0 0.0 3.2

54 10 2000 30 2740 963 15.7 0.07 1.25 3.1 3.8 20.4 1.4
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The wind vectors along the x–z plane in Fig. 4a show the

special features of this solution: the cold pool is not strong

enough to propagate against the environmental flow; the

parcels close to the ground are lifted above the cold pool

and produce convective cells with rain evaporation that

maintains the cold pool in a quasi-stationary state.

c. Analysis

MR09’s Fig. 8 summarizes the results for the high-CAPE

cases considered in that paper. For weaker wind/higher

CAPE (large ta/tc) there is ample time for cold-pool for-

mation and propagation away from the ridge. On the other

hand, for stronger wind/lower CAPE (smaller ta/tc), the

cold-pool formation on the upstream face of the ridge is

generally outweighed by downstream advection. The low-

CAPE, weaker-wind solutions considered here, however,

indicate that for these cases with smaller ta/tc, any cold

pool that does form upstream has a chance to stand against

the opposing flow, depending on the cold-pool dynamics.

Based on elementary considerations we note that the

density current (cold-pool) intrinsic propagation speed

uc is proportional to u9in the cold pool,

u
c
; (gh

c
u9/u

0
)1/2

; (DCAPE)1/2, (2)

where hc is the height of the cold pool, u0 is the base

state potential temperature, and the downdraft CAPE

(DCAPE) is a measure of the cold-pool buoyancy

produced by rainy downdrafts (see Gilmore and Wicker

1998). Now for a stationary cold pool to exist, uc should be

comparable with the upstream flow u so that they ap-

proximately counterbalance each other; that is,

u 5 U 1 u9 ; (DCAPE)1/2. (3)

The perturbation velocity u9 represents a modification

to the upstream environmental wind speed due to oro-

graphic and/or cold-pool effects and is generally negative

(i.e., upstream-flow deceleration). For the high-CAPE

cases considered by MR09, the DCAPE was also large

and thus the satisfaction of Eq. (3) required a large wind

speed, which, as described in the previous paragraph,

produced a solution with statistically stationary cells

on the upwind face of the ridge with little time for sig-

nificant cold-pool formation. For low-CAPE cases, the

lower DCAPE in the sounding implies that Eq. (3) can

be satisfied with a weaker wind, which in turn produces

solutions allowing stationary upwind cold pools; more-

over, Fig. 4a suggests that there is a significant deceleration

of the flow upwind of the cold pool that acts to help satisfy

Eq. (3).

We can estimate the deceleration induced by the cold

pool on the upstream flow by analogy with the upstream

effects of mountains in stratified flows. Treating the cold

pool as equivalent to an obstacle, we obtain

u9 ; �Nh
c
;�NLFC, (4)

TABLE 1. (Continued)

Expt U hm a CAPE DCAPE ta/tc hm/a hm/LFC (DCAPE)1/2/U Rm/ry,sU 3 102 Xm/a NLFC/U

55 6.6 2000 30 1250 805 16.1 0.07 0.95 4.3 0.0 0.0 3.2

56 15 2000 60 1925 883 17.5 0.03 1.11 2.0 2.2 20.4 1.1

57 10 2000 30 3600 1045 18.0 0.07 1.43 3.2 0.0 0.0 1.1

58 20 2000 120 1925 883 26.3 0.02 1.11 1.5 0.8 20.3 0.8

59 10 2000 60 1925 883 26.3 0.03 1.11 3.0 2.4 20.8 1.6

60 10 500 60 1925 883 26.3 0.01 0.28 3.0 0.0 0.0 1.6

61 10 1000 60 1925 883 26.3 0.02 0.00 3.0 2.4 20.1 1.6

62 5 2000 30 1925 883 26.3 0.07 0.00 5.9 0.0 0.0 3.2

63 5 1000 30 1925 883 26.3 0.03 0.56 5.9 0.0 0.0 3.2

64 2.5 2000 15 1925 883 26.3 0.13 1.11 11.9 0.0 0.0 6.5

65 2.5 500 15 1925 883 26.3 0.03 0.00 11.9 0.0 0.0 6.5

66 2.5 1000 15 1925 883 26.3 0.07 0.00 11.9 0.0 0.0 6.5

67 10 2000 120 480 678 26.3 0.02 0.87 2.6 1.2 20.8 2.5

68 2.5 1000 30 1925 883 52.6 0.03 0.56 11.9 0.0 0.0 6.5

69 2.5 100 30 1925 883 52.6 0.00 0.06 11.9 0.0 0.0 6.5

70 2.5 2000 30 1925 883 52.6 0.07 1.11 11.9 0.0 0.0 6.5

71 2.5 500 30 1925 883 52.6 0.02 0.28 11.9 0.0 0.0 6.5

72 2.5 2000 60 1925 883 105.3 0.03 1.11 11.9 0.0 0.0 6.5

73 2.5 1000 60 1925 883 105.3 0.02 0.56 11.9 0.0 0.0 6.5

74 10 500 5 480 440 1.1 0.10 0.22 2.1 1.2 8.8 2.5

75 10 500 5 480 1178 1.1 0.10 0.22 3.4 0.0 0.0 2.5

76 10 2000 30 480 544 6.6 0.07 0.87 2.3 1.4 22.6 2.5

77 10 2000 30 480 934 6.6 0.07 0.87 3.1 0.0 0.0 2.5

78 10 2000 30 480 440 6.6 0.07 0.87 2.1 1.6 21.5 2.5

79 10 2000 30 480 390 6.6 0.07 0.87 2.0 1.8 20.4 2.5
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where hc ; LFC is required for the triggering of new

convection by the cold pool and the maintenance of a

steady state.

Based on these considerations, we propose to include

in our nondimensional analysis two additional num-

bers: (DCAPE)1/2/U, which represents a measure of the

propagation of the downdraft-produced cold pool with

respect to environmental-flow advection, and NLFC/U,

which estimates the deceleration of the environmental

wind induced by the obstacle-like cold pool.1

We analyze the data in Table 1 to identify a corre-

spondence between specific sets of experiments and

regions of the subspace defined by these two parame-

ters. The data indicate that the only experiments that

do not fit the functional dependence in MR09 are the

ones with

(DCAPE)1/2/U 5 2.6 and NLFC/U 5 2.5. (5)

Our analysis of the solutions satisfying these conditions

shows that they all have steady-state cold pools as in

Fig. 4a.

Table 1 shows that both experiments 15 (Fig. 4a) and

17 (Fig. 4b) have (DCAPE)1/2/U # 2.6, indicating rela-

tively weak cold-pool potential; however, experiment 15

has a much larger value of NLFC/U, which, as is evident

FIG. 2. Plot of (a) Rm/ry,sU 3 102 [contour interval (c.i.) 5 0.5] and (b) Xm/a (c.i. 5 0.4) vs hm/

LFC and hm/a for ta/tc 5 3.3. The values of these parameters in the experiments with

U 5 20 m s21 and CAPE 5 480 J kg21 are boldface gray, while those with U 5 10 m s21 and

CAPE 5 480 J kg21 are boldface black. Dashed lines correspond to negative values and denote

upstream locations of the precipitation peak, solid lines correspond to positive values and

denote downstream locations, and boldface lines correspond to zero and refer to location of the

rainfall over the top of the ridge. The rain rate is calculated in the time interval between 5 and

10 h. The crosses represent the locations of the experiments in the parameter space.

1 This parameter was already identified in Wang et al. (2000) as

useful in determining whether a flow has enough kinetic energy for

parcels to reach the LFC and hence for convective-cloud de-

velopment. A similar formulation, but with the LCL instead of the

LFC, is present in Reeves and Rotunno (2008).
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in Fig. 4a, indicates a deceleration of the environmental

wind and thus a quasi-stationary density current.

In another approach to understanding the implica-

tions of Eq. (5), we did experiments varying the relative

humidity in the initial sounding above 2000 m so that

DCAPE could be varied without changing the CAPE,

N, or LFC; these experiments are modifications of ex-

periments 3 and 26 and are shown as the last entries

in Table 1 (experiments 74–79). Lowering the relative

humidity in the low-CAPE sounding to 50% increases

(DCAPE)1/2/U from 2.6 to 3.1 and, as expected, produces

a stronger cold pool that propagates upstream, leaving

no stationary rainfall pattern near the mountain. On

the other hand, increasing the relative humidity de-

creases the (DCAPE)1/2/U and produces a weaker cold

pool, and thus we move toward a solution regime with

quasi-stationary precipitation close to the mountain, as

found in MR09. Unfortunately, we could not further re-

duce the value of DCAPE without changing the other

parameters.

In light of these findings we believe MR09’s Eq. (4)

should be modified to

R
m

/r
y,s

U 5 g
M

[h
m

/LFC, h
m

/a, t
a
/t

c
, (DCAPE)1/2/U, NLFC/U], (6)

which accounts for cold-pool dynamics independently of

the convection dynamics characterized by ta/tc.

Figure 5 shows the nondimensional rain-rate maxi-

mum and its location for the subset of experiments de-

fined by Eq. (5) (including those with different values

of ta/tc). The rainfall maximum is localized mainly

upstream and its intensity is largely independent of the

mountain parameters (hm, a). As discussed earlier, this

is consistent with the fact that cold pools have a sim-

ilar depth and intensity in all cases, so that the par-

cels receive a similar uplift independent of mountain

shape.

FIG. 3. As in Fig. 2, but for ta /tc 5 6.6.
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The mechanism responsible for the specific flow re-

sponse in the case of low CAPE is illustrated in Fig. 6. As

in MR09’s Fig. 8 (top panel), the ridge top is above the

level of free convection, so convective cells are initially

triggered by upslope flow with the rainfall generated on

the upstream side of the ridge evaporating and producing

a cold pool; however, the cold pool, which is shallow and

weak, is not strong enough to propagate against the

environmental flow (which itself is decelerated by the

presence of the cold pool) but remains quasi-stationary

in the latter part of the simulation. Cells continue to be

triggered at the cold pool’s leading edge with rainfall

evaporation replenishing it. [In this low-CAPE case,

weak rainfall is also produced in association with flow-

parallel rainbands similar to those in MR09’s Fig. 4a and

in Kirshbaum et al. (2007).] Thus, a balance is reached

between the flow upstream and the density-current in-

trinsic propagation speed.

Finally, if we estimate the change in low-level poten-

tial temperature from the soundings shown in Fig. 1, we

see that for the low-CAPE case cooling occurs through

evaporation of rain into the relatively high equivalent

potential temperature ue air of the ambient boundary

layer; following a moist adiabatic down to the surface

from the LCL gives a good estimate of this effect, which

is u9 ; 23 K and nearly equal to that from the simula-

tion results. Vertical cross sections of ue (not shown),

similar to those shown in MR09’s Fig. 7, indicate that

low-ue air from midlevels does not descend to the ground

in these cases.

4. Conclusions

The present study extends the investigation of the

parameter space for conditionally unstable flows past a

mountain ridge started in MR09. In that paper, dimen-

sional analysis revealed that the maximum nondimen-

sional rainfall rate mainly depends on three parameters:

the ratio of mountain height to the level of free convec-

tion hm/LFC, the ridge aspect ratio hm/a, and a parameter

that measures the ratio of advective to convective time

scales [ta/tc 5 a(CAPE)1/2/htU]. We concluded that, in

terms of the three selected nondimensional parameters,

no steady orographic rain occurs if the ridge is too short

(i.e., when hm/LFC � 1) and for weak wind or strong

instability (i.e., ta/tc� 1). In the first case, the uplift is not

FIG. 4. Vertical cross sections (extending from the ground up to 10 km) of the y average

of potential temperature perturbation (K; dark shaded areas), cloud water plus ice content

(kg kg21; light shaded areas), rainwater content (contour line for 0.2 3 1023 kg kg21), and wind

speed (m s21; arrows), for (a) expt 15 of Table 1 with U 5 10 m s21, hm 5 2000 m, a 5 15 km,

and CAPE 5 480 J kg21 and (b) expt 17 of Table 1 with U 5 20 m s21, hm 5 2000 m, a 5

15 km, and CAPE 5 1900 J kg21. The results are shown at the final integration time t 5 10 h.
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sufficient to trigger convection; in the second case, the

environment is favorable to the generation of upstream-

propagating nonstationary cold pools and no rain occurs

near the ridge. Steady orographic rainfall occurs for ta/tc ;

O(1)–O(10) and for some combinations of the parameters

(hm/LFC, hm/a), in correspondence of which no upstream

cold pool is generated.

In the present paper, new experiments were per-

formed with different values of CAPE. The analysis of

the solutions shows that the simulation features are

quite independent of CAPE when U 5 20 m s21, as

quasi-stationary convective cells occur on the upstream

face of the ridge in all cases, while for U 5 10 m s21 the

range of solution responses is wider. All solutions fit the

functional dependence proposed in MR09, apart from

the experiments with U 5 10 m s21 and low CAPE.

When comparing these simulations with experiments

performed with larger CAPE and similar values of the

three selected nondimensional parameters, completely

different precipitation characteristics emerge. This re-

sult suggests that our analysis should include additional

nondimensional numbers.

FIG. 5. Plot of (a) Rm/ry,sU 3 102 (c.i. 5 0.2) and (b) Xm/a (c.i. 5 0.5) vs hm/LFC and hm/a for

the experiments with U 5 10 m s21 and CAPE 5 480 J kg21 [as defined by Eq. (5)]. Dashed

lines correspond to negative values and denote upstream locations of the precipitation peak,

solid lines correspond to positive values and denote downstream locations, and boldface lines

correspond to zero and refer to location of the rainfall over the top of the ridge. The rain rate is

calculated in the time interval between t 5 5 and 10 h.

FIG. 6. Flow response in the case of low CAPE: Evaporatively

cooled outflow ; the partially blocked environmental wind leads to

lifting to LFC ; hc.
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Thus, with respect to the results in MR09, in the present

paper we propose to include two additional parameters—

(DCAPE)1/2/U and NLFC/U—that represent respectively

a measure of the cold pool propagation and of the de-

celeration induced by the cold pool on the upstream

flow. The region of the parameter space, identified by

(DCAPE)1/2/U ; 2.6 and NLFC/U ; 2.5, corresponds

to the experiments with low CAPE and U 5 10 m s21. For

these simulations, the density current and the environ-

mental flow approximately counterbalance each other,

so that convective cells continually precipitate in more

or less the same location with respect to the orography

and, because of their persistence, can produce a large

rainfall amount. The similar cold pool height and in-

tensity in all the experiments explains why the rain rate

is almost independent of the value of the nondimen-

sional mountain-shape parameters. We note that the

values given by Eq. (5) are specific to the soundings

used here; the more general message, however, is that

such solutions exist in a narrow range of parameter

space.

The occurrence of heavy-rain convective events around

the world is well documented in the literature (see Richard

et al. 2007 for a review), especially concerning convective

systems that remain quasi-stationary for several hours

(Schroeder 1977; Caracena et al. 1979; Senesi et al. 1996;

Pontrelli et al. 1999; Romero et al. 2000; Lyman et al. 2005;

Delrieu et al. 2005). Generally, it is difficult to identify a

sounding representative of the upstream conditions in

these papers. In three of these events, however, we could

easily identify a reference sounding and thus estimate the

nondimensional numbers we identified; the results are

shown in Table 2. It can be seen that all of these events

belong to regions of the parameter space characterized by

large rainfall rates.

On the other hand, our experiments have been limited

to very idealized atmospheric profiles and topography.

To apply the results of the present idealized simulations

to real-world conditions, some of these case studies will

be analyzed in a forthcoming paper within our simplified

numerical setup, and the rainfall amount and distribu-

tion will be discussed in terms of the functional de-

pendence proposed in MR09 and in the present paper.

Finally, the analysis of more realistic atmospheric con-

ditions will be extended with the study of the impact of

a vertically varying wind on the formation and devel-

opment of convective cells.
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