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1. INTRODUCTION 

Idealized analytical investigations of katabatic slope flows have usually sought to simplifl the 
analysis by either 1) assuming a particular force balance amenable to analytical solution (e.g. Jef- 
freys 1922, Prandtl 1942), or 2) using integral (or 'bulk') models (e.g. Manins and Sawford 1979, 
Broeke et al. 1994). In each case, steady state conditions are evaluated, with occasional exception 
(Fleagle, 1950). Historically, the modeling of idealized katabatic flows has focused analysis on a 
model time where steady state conditions have been achieved (Nappo and Rao 1987, Ye et al. 
1989). 

To investigate the true dynamics of evolving undisturbed katabatic flow, the Regional Atmo- 
spheric Modeling System (RAMS) is used. As described in Pielke et al. (1 992), RAMS is a prog- 
nostic numerical model that contains the three-dimensional primitive equations in terrain- 
following, non-hydrostatic, compressible form. In addition to standard variables, RAMS was con- 
figured to output the various components of the governing equations with high temporal resolu- 
tion. 

Each of the simulations uses idealized 2000 m high mountain topography of a given slope ( 1 ', 
2S0, 5' or 10') on either side of the peak. In the 3-d simulations this mountain becomes an infinite 
north-south ridge (cyclic boundary conditions in the N-S direction). Vertical grid spacing was set 
to 20 m for the first 500 m AGL above which Az increases to a maximum of 400 m over 72 grid 
points to 10.5 km. Horizontal grid spacing was 500 m and the number of east-west grid points was 
701,301,201 and 201 for the lo, 2S0, 5' and 10' mountains, respectively. Only results from the 
3-dimensional 2.5' slope run can be discussed here in depth. Initial conditions are horizontally 
homogeneous with a vertical structure as follows; 0.0 m s-* winds to 3000 m AGL, constant shear 
to U = 2.0 m s-' at 10000 m AGL; 8 lapse rate of 2.5 K km-' to 3000 m AGL, standard atmo- 
spheric 9 lapse rate of 3.4 K km-' above that. The simulations ran for 12 hours after model sunset 
(-1800 MST) so that only longwave radiative effects were active. The initial soil temperature is 
equal to that of the lowest atmospheric level to mimic the real atmosphere during transition to 
katabatic flow from daytime anabatic flow. 
2. SUMMARY OF RESULTS 

As expected, a slopeside katabatic flow grows in strength on each side of the mountain over 
time. For all but the initial stages, the flow increases in depth and speed downslope, as shown in 
Table 1 for 8 hours into the simulation. Slope change effects are felt at about 80% of the vertical 
drop. The katabatic flow depth reaches a constant 0.1 1 of vertical drop before approaching the 
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plain. At 8 hours the jet height is constant at 30 m AGL over most of the slope. 
Table 1: Katabatic flow details at 8 hours into the 3d, 2.5°slope, 2000 m mountain simulation as a 

Depth/ 
Vert Drop 

function of vertical drop. 

Vertical Flow 
Drop Depth 

250 80 
500 120 
750 120 
1000 120 
1250 I40 
1500 160 
1750 200 
2000 300 

(m) (4 

Jet Jet 
Speed Height 
(rns-') (m) 

0.32 2.65 
0.24 5.96 
0.16 10.13 
0.12 14.62 
0.11 18.85 
0.11 20.02 
0.11 16.26 
0.15 15.00 

10 
30 
30 
30 
30 
30 
70 
70 

Figure 1 a shows the 0 and wind vector fields for the bottom portion of the east side of the 2.5' 
mountain at 8 hours. Strong katabatic winds with a maximum jet over 20 m s-' exist within nearly 
slope-parallel stable layers. A 1-3 m s-* return flow develops aloft, confirming its existence in qui- 
escent, real atmospheric flows. A pool of cold air begins to accumulate on the flat plain, elevating 
the jet and reducing the wind maximum (see also Bossert and Poulos 1995). The low-level inver- 
sion strength is - 80 K krn-l, which, although it seems high, was regularly observed by meteoro- 
logical towers on the east side of the 2000 m Colorado Rocky Mountains (Poulos 1996). 

A detailed perspective on the dynamics operating in this modeled katabatic slope flow can be 
developed from high time resolution information, as shown in Figures 1 b and c. Note that both 
Figures lb and c are for a point mid-slope on the east side of the 2.5' 3-d north-south ridge. Fur- 
thermore, Figure IC  is for one grid point, the 3rd z grid point (30 m AGL). Although longwave 
radiational cooling commences immediately, it is not until -30 minutes that a 120 m layer of 
katabatic flow, without jet structure, begins to develop in response to pressure gradient force 
(PGF). At this stage (Stage 1 in Figure IC) advection is insignificant but some negative turbulent 
forcing on U exists late (see arrow labeled 'T'). Simultaneous with the onset of minor turbulent 
forcing, stable layers grow to the 30 m AGL level (not shown) due partly to radiative flux diver- 
gence (RFD). Although cooling and therefore PGF is greater at the lower grid level (10 m AGL), 
wind speed becomes weaker there due to frictional effects. At 30 m AGL the flow is less hindered 
by friction and the first katabatic jet structure develops as Stage 1 ends. PGF increases rapidly 
throughout the latter part of Stage 1, despite negative turbulent forcing 

Advective forcing begins in earnest at the start of Stage 2, just as the total acceleration peaks 
(dashed arrow labeled 'A' in Figure 1 c). A clear dynamic effect occurs when advection becomes 
significant - deceleration. Therefore, advection plays a key role in keeping katabatic flow speeds 
bounded. Note that prior to the onset of deceleration due to advection, that turbulence was not suf- 
ficient to stop the growth of the U acceleration (surging). At the same time as negative advective 
forcing starts, the potential temperature tendency reaches it maximum cooling rate of 4.0 x K 
s-' (-14.4 K hr-I !), although this only lasts a short time. The cooling at this level is driven prima- 
rily by turbulent mixing, secondarily by longwave RFD (-2%). The atmosphere responds to this 
rapid cooling by increasing katabatic flow and advecting the cold air downslope. We have there- 
fore discovered a mechanism by which the characteristic downslope increase in katabatic flow 
speed can develop. The cold air traveling down slope, rather than reaching equilibrium by adia- 
batic warming, is continually cooled by RFD and turbulent mixing. This causes a greater PGF 
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and, therefore, katabatic flow speed with downslope distance. Eventually flow speeds become 
strong enough that the downslope advection induces an overall warming effect (not shown). . 
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Figure 1. Plots describing the 3-dimensional 2.5' slope simulation. a) an instantaneous 
plot of 8 and wind vectors for 8 hours from model start. b) U-component wind speed for 
a point halfway down slope (just off the left edge of a). c )  forcings on U at the jet height 
in b. 

By 500 minutes (the end of Stage 2 and the beginning of Stage 3) a near exact temperature bal- 
ance is established so that cooling occurs at a slow pace (essentially governed by near surface 
RFD rates of -0.2 to -0.4 K hr-I). In response to this temperature balance, the acceleration of U 
approaches zero. The slight cooling that does occur causes a small U acceleration throughout the 
rest of Stage 3 to the end of the simulation. Although unsteady, Stage 3 represents the condition 
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closest to steady state. 

ment at a quicker pace, and vice-versa. Although changing the initial stability does not change 
these stages, it does alter their timing. 
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