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Abstract Impacts of different terrain configurations on the general behaviour of idealised
katabatic flows are investigated in a numerical model study. Various simplified terrain models
are applied to unveil modifications of the dynamics of nocturnal cold drainage of air as a
result of predefined topographical structures. The generated idealised terrain models encom-
pass all major topographical elements of an area in the tropical eastern Andes of southern
Ecuador and northern Peru, and the adjacent Amazon. The idealised simulations corroborate
that (i) katabatic flows develop over topographical elements (slopes and valleys), that (ii)
confluence of katabatic flows in a lowland basin with a concave terrainline occur, and (iii) a
complex drainage flow system regime directed into such a basin can sustain the confluence
despite varying slope angles and slope distances.

Keywords Confluence · Katabatic flows · Numerical simulation · Terrain configuration

1 Introduction

Katabatic flows are atmospheric boundary-layer phenomena that form in hilly and moun-
tainous regions worldwide. They develop on calm, clear nights by radiative cooling of the
surface, generating a horizontal temperature gradient to the ambient air at the same height.
Wind speed is conditioned by the cooling rates and the vertical temperature gradient, the
surface roughness and the angle of elevation. Therefore the atmospheric conditions, the sur-
face characteristics (i.e. the current land cover) as well as the terrain represent the essential
factors that affect the development of katabatic flows (Prandtl 1942; Defant 1949; Shapiro
and Fedorovich 2007).
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Fig. 1 Schematic of an idealised katabatic flow (after Manins 1992)

Figure 1 shows an idealised flow along a slope with an angle α (after Manins 1992). As a
result of longwave emission into the atmosphere a sensible heat flux H from the atmospheric
boundary layer towards the surface develops, cooling the air. This radiative divergence (Rn)
associated with the heat fluxes (H ) into the ground leads to the development of an inver-
sion with depth h. In addition, horizontal temperature and pressure gradients are generated
between the ambient air over the slope and the air away from the slope at the same height.
As a consequence of this horizontal density difference a downslope motion U of cold air as a
function of the angle α and the slope distance occurs. The flow starts with the typical jet-like
profile and persists by steady cooling of the surface layer, sustaining the density gradient
and creating a buoyancy deficit. The shape of the wind profile results from ground friction
retarding the streaming air directly over the ground and a pressure gradient decreasing with
increasing height in the inversion layer h.

Because of their drainage effect, katabatic flows ensure an efficient nocturnal ventila-
tion of the slopes. Normally, they affect local weather by inducing a stabilisation of the
atmosphere within the nocturnal boundary layer, which has been consistently examined over
the last few decades (Fleagle 1950; Thyer 1966; Gutman 1983; Smith and Skyllingstad 2005;
Yu and Cai 2006; Poulos et al. 2007). Such investigations comprised measurement campaigns
as well as model studies for a better comprehension of their characteristics and more realistic
prediction of their occurrence. Horst and Doran (1986) investigated the initial phase of noctur-
nal slope flows in the Geysers Geothermal Resource Area of northern California with different
topography and vegetation. Clements et al. (1989) showed the mean structure of the drainage
flow down the Brush Creek valley of western Colorado. Skyllingstad (2003) used a large-eddy
simulation model to study the structure and evolution of katabatic flows over simple slopes.
For the current study, the impact of different topographical geometries on the formation and
dynamics of katabatic flows is examined. For this reason, two different areas are of interest:
the eastern Andes of southern Ecuador and the adjacent Peruvian Amazon (see Fig. 2 right).

In the Andean highlands Bendix et al. (2006) found a nocturnal rainfall maximum in
the Rio San Francisco Valley (ECSF (Estacion Cientifica San Francisco) in Fig. 2). Pre-
cipitation measurements from automatic climate stations and vertical pointing rain radar
revealed a significant and quite constant early morning rainfall maximum within this study
area. An analysis of corresponding GOES satellite imagery shows the nocturnal formation
of mesoscale convective systems (MCS) in the second region, the Andean foothills south-
east of the Rio San Francisco Valley (Fig. 2) (Bendix et al. 2009). It was hypothesised that
the generation of the cloud cluster and, thus, the nocturnal rainfall on the slopes could be
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Fig. 2 Study area (left), target area (right) with coverage of the local area weather radar

associated with nocturnal cold air drainage flow from the Andean slopes and valleys: (i) The
cold air confluences due to the concave-shaped Andean terrain in the foothill region, (ii)
where it converges with the warm moist air of the Amazon basin. This process could lead
to low-level instabilities and to the formation of the MCS. Here, we attempt the analysis of
the first process of the hypothesis stated above, i.e. the analysis of the influence of different
terrain shapes on the occurrence of idealised katabatic flows with special interest in their
lowland confluence. The geometry of the topography exerts a strong effect on the general
behaviour of the flow; with a concave lined slope the air is forced to confluence indicated by
an additional mass contribution.

Due to unavailable measurements in the cloud formation region, the most appropriate
tools to disentangle these processes are numerical models. The development of models to
simulate katabatic flow systems extends from linear hydraulic models (Ball 1956; Manins
and Sawford 1979; Mahrt 1982; Fitzjarred 1984; Kondo and Sato 1988) to numerical model
studies considering the development and the forecast of the flow (Garrett 1983; Lalaurette
and Andre 1985; Doran 1990b; Heilman and Takle 1991; Gudiksen et al. 1992).

In this study, a numerical model has been used to examine, (i) the confluence of the
flow with a uniform concave lined terrain shape, and (ii) the impact of a drainage system
on the confluence considering the orographical situation in the second study area. To do
so, simplified terrain models are used, which highlight the main features of the real terrain
while simultaneously avoiding, for example, very steep valleys leading to problems in the
wind field computation (Chow et al. 2006). Since the Peruvian east Andean slopes of the
target area consist of an irregular ridgeline forming a concave shaped basin carved by several
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valleys, the most complex terrain model also consists of a basin with surrounding mountain
tops and draining valleys with special reference to lowland cold air confluence. In addition,
less complex terrains are used in our study to analyse the principle alteration of momentum
and energy fluxes due to an evolving katabatic flow. By increasing the complexity of the ter-
rain models between the different simulation runs, the role of different orographic features
on the development of katabatic flows and their impact on the structure and propagation of
the flow can be revealed.

The next section gives an overview of the model set-up and the idealised terrain mod-
els. Afterwards, the different idealised profiles demonstrate their impact on the general flow
dynamics concerning a lowland confluence of cold air due to a concave terrain configuration.

2 Model Set-up

The Advanced Regional Prediction System mesoscale model (ARPS) was used to analyse
the impact of different terrain shapes on the dynamics of idealised katabatic flows. ARPS
was developed at the Center for Analysis and Prediction of Storms (CAPS) at the University
of Oklahoma, and is a three-dimensional, non-hydrostatic model with a generalised terrain-
following coordinate system and a vertically stretched grid. For more details, see Xue et al.
(1995, 2000, 2001). The idealised simulations of the katabatic flows are calculated on two
different domains: three runs using a domain with 120 × 120 grid points and another two
runs using a domain with 402 × 402 grid points. Both domains have a horizontal resolution
of 250 m. The vertical grid was stretched with a hyperbolic function, with a resolution of
10 m near the ground and 500 m at the top of the domain. In the lower domain, 30 of the 55
vertical layers are located to engage the development of a downslope motion in the nocturnal
boundary layer.

2.1 Topography

In order to analyse the effects of various topographical geometries on the behaviour of the
propagation of katabatic flows, the main features of the target area have been simplified.
Therefore, five simplified terrain configurations with increasing complexity have been used
(Fig. 3). The basic topography to simulate katabatic flows is a simple slope (Fig. 3a), it is
used to demonstrate the essential characteristics inducing a downslope flow, i.e. the vertical
temperature distribution, the wind field, the net radiation and the surface fluxes. The slope
angle α has a value of approximately 5◦. By mirroring the simple slope, a simple valley is
generated, leading to an accumulation of the cold drainage air in the valley floor (Fig. 3b).
Drainage of the accumulated air is obtained by creating an additional along-valley inclina-
tion angle β of approximately 1◦ (Fig. 3c). Thus, besides the cross-valley flows, the along-
valley flow draining the cold air into the basin can be represented. To examine the confluence
of katabatic flows as a result of a topographical shape, a terrain model forming a uniform
concave ridgeline was used (Fig. 3d). The slope angle α is close to the previous terrain
models. With this orographical shaping, the general behaviour concerning the confluence
is disclosed. Since the eastern slopes of the Ecuadorian/Peruvian Andes in the target area
shown in Fig. 2 form a quasi-concave shaped basin surrounded by several mountain tops and
draining valleys, the most complex terrain model consists of a concave ridgeline carved by
several valleys (Fig. 3e). They form an extensive drainage system directed towards the basin,
and enables the analysis of both the inflow of cold air into the basin due to the valleys and
its confluence.
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Fig. 3 Simplified terrain models: a simple uniform slope (SLP), b simple uniform valley (VAL), c simple
valley with an additional along-valley height gradient (VAL2), d basin (BSN), e basin with a drainage system
(BSNV)

2.2 Initialisation and Boundary Conditions

The initial values for the atmospheric conditions representing the situation at sunset are
provided by an idealised sounding, and are derived from a tropical model atmosphere
(McClatchey et al. 1972), and adjusted with an approximately neutral temperature strati-
fication in the lower atmosphere and a lightly stable profile in the upper atmosphere. The
initial potential temperature starts with 300 K at the surface and increases by 0.5 K km−1 up
to a height of 3000 m. Above this level, the potential temperature increases by 4 K km−1. To
avoid any stream flows overlaying the thermally induced flow at the beginning of the simula-
tion, the wind field is set to zero. Water was considered in the simulation for the calculation of
the surface fluxes only. The boundary conditions of each domain have been set to a rigid wall
at the top with a damping layer at two-thirds of the atmosphere with five friction absorbing
layers to prevent unrealistic reflection. At the lateral boundaries, open radiation conditions
with the Klemp and Wilhelmson type (Klemp and Wilhelmson 1978) for the constant phase
speed, which is computed and applied at each timestep on the four lateral sides, have been
used.
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2.3 Physics

ARPS was used with the following physics packages: for the turbulence parametrisation
the 1.5-order turbulent kinetic energy (TKE) with the Deardorff closure scheme was used
(Deardorff 1972). The time-dependent TKE is solved by a prognostic equation and deter-
mines the mixing length and velocity scale. It consist of terms for advection, potential-kinetic
energy conversion, shear production, dissipation and diffusion of TKE (Xue et al. 1995, 2000).
The surface fluxes are responsible for the mass and heat exchange with the atmosphere. In
ARPS they are computed by a stability and roughness-length dependent surface-flux model
(Businger et al. 1971; Byun 1990). The fluxes are solved on the basis of the similarity theory
of Monin and Obukhov. The surface momentum fluxes are defined by

τ13|sur f ace ≡ −
[
ρu′′w′′

]
sur f ace

= ρCdm V u, (1)

τ23|sur f ace ≡ −
[
ρv′′w′′

]
sur f ace

= ρCdm V v, (2)

involving the drag coefficient Cdm and the wind speed V , with components u and v. The
sensible and latent heat fluxes that account for heat exchange are described by

H = ρCdhC pV (T − Ts), (3)

L E = L
(
Eg + Etr + Er

)
, (4)

with the sensible and latent heat flux H and L E , the heat exchange coefficient Cdh , the air
temperature T taken at the first level above ground and the ground surface temperature Ts .
Consequently, the direction of the sensible heat flux is dependent on the temperature gradient
near the surface. The latent heat flux is the sum of the evaporation of the soil surface Eg , the
transpiration Etr and the fluxes from canopy water evaporation Er .

In the present simulations the surface fluxes are calculated with stability-dependent drag
coefficients and the bulk Richardson number as the stability parameter. For more details, see
Xue et al. (1995, 2001). Soil-model general surface characteristics such as soil and vegeta-
tion types are provided by a force-restore two-layer soil and vegetation model (Noilhan and
Planton 1989). It solves five prognostic equations for the soil temperature and soil moisture,
where the vertical thickness of the soil layer is separated into a thin upper layer (0.01 m) and
a deep layer (1 m). The surface layer interacts with the atmosphere, affecting its temperature,
whereas the deep layer acts as a temperature reservoir affecting its thermal energy rather
slowly. The input parameters for the soil type and the vegetation is based on USDA (United
States Department of Agriculture) textural classes. ARPS provides 13 soil types (including
water and ice) and 14 vegetation classes. Each run in the current study is initialised with
loam and rain forest considering the conditions in Ecuador. The radiative cooling (see Fig. 1)
necessary for the thermally driven flow is considered through atmospheric radiation transfer
parametrisations. It is the primary force of the heat energy budget (5) and includes the net
radiation, sensible heat flux and ground heat flux into the surface. The net radiative flux is
given by

Rn = Rsw
(
1 − αg

) + εg
(
RA − σ T 4

s

)
, (5)

with the shortwave radiation Rsw , albedo αg , ground surface emissivity εg , incoming long-
wave radiation RA and emitted longwave radiation from the ground surface σ T 4

s with σ for
the Stefan–Boltzmann constant. If Rsw becomes zero and the second term becomes larger,
the net radiation becomes negative.
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3 Results

The simplified terrain models presented above have been used to examine the development
and modification of an idealised katabatic flow as a result of different topographical geom-
etries. Potential temperature distributions (colour) and wind field patterns (vectors) show
general characteristics of the cold drainage air. With the ground surface fluxes, the driving
force of the flow is illustrated. In order to demonstrate the impact of slope geometry on the
occurrence of the flow, horizontal divergence fields and mass fluxes will be discussed in the
context of flow confluence.

3.1 Development of Katabatic Flows

Figure 4 shows the evolution of the katabatic flow along a simple slope in a vertical cross-
section as a function of the potential temperature (colours) and wind field distribution
(vectors). In the beginning the potential temperature is horizontal stratified, changing to a
slope-parallel distribution during the simulation. The decrease in air temperature develops
first in the lower atmosphere and generates a temperature gradient to the ambient air at the
same height. This process produces a temperature inversion near the ground, i.e. a katabatic
layer as seen in Fig. 1. At the same time, the horizontal thermal gradient causes temperature
advection, balancing the energy budget. Shortly after the start of the simulation, air temper-
ature decreases by 1 to 299 K (Fig. 4a). The heat transfer is balanced by the temperature
advection of cold air flowing down the slope and a growing inversion layer. The cold drain-
age air accumulates at the foot of the slope, forming a cold pool. In the ongoing simulation,
the katabatic layer grows through the continuous cooling of the surface (Fig. 4b). The air
temperature adjacent to the ground cools by an additional 2 to 297 K after 6900 s. When the
cold air arrives at the lateral boundary of the domain, it converges and is also propagated to
upper layers. The wind vectors in Fig. 4 show a typical katabatic flow structure. Driven by
an increasing buoyancy deficit the velocity of the katabatic flow increases with increasing
slope length. The wind speed grows linearly in time until it reaches its maximum value of
5.8 m s−1 after 6900 s simulation time. Typical characteristics of katabatic flows are displayed
on Fig. 5, showing the vertical profile of the potential air temperature, the wind velocity in the
u-direction and the TKE in the centre of the slope. The potential temperature shows the evolu-
tion of a positive temperature gradient in the lower atmosphere with 3 K (100 m−1). Above
this inversion, the temperature profile undergoes a transition into an isothermal state that
separates the katabatic layer from the free atmosphere. At this height, the buoyancy term is
zero and the temperature adjacent to the ground equals the temperature of the ambient air
at the same height. The wind profile forms the typical jet-like profile of a downslope flow
shown in Fig. 1 with maximum wind speeds (5.8 m s−1) near the ground level, where the
influence of the positive temperature gradient is strongest. Above and below this level, the
velocity decreases because of increasing ground friction (below) and a decreasing positive
temperature gradient (above). At higher levels, the latter leads to a decline in wind speeds
to values around zero. In addition to mechanical turbulence induced by ground friction, the
vertical wind shear is the second main source of TKE in a stable atmosphere such as this.
The maximum of the TKE is near the maximum of the mean wind speed and reaches values
of 0.16 m2 s−2 at levels where the vertical wind shear has its maximum (Horst and Doran
1986; Heilman and Takle 1991).

A comparison of the strength of the katabatic layer with an estimation of the Manins and
Sawford hydraulic model (Manins and Sawford 1979) (Fig. 1) has been made to show that
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Fig. 4 Vertical cross-section
(xz plots from x = 3.0 km,
y = 15.0 km and x = 17.0 km,
y = 15.0 km) of the potential
temperature (contour, K) and the
wind field in u–w direction
(vectors, m s−1) of SLP
simulation for timesteps of
a 3600s and b 6900 s
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the vertical resolution does not affect the flow. Their model describes the depth h as a function
of slope distance s and slope angle α with the entrainment coefficient E and is defined as
follows (see Horst and Doran 1986):

h = 0.75Es, (6)

E = 0.05(sin α)2/3. (7)
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Fig. 5 Profiles of a the potential temperature (pt), b the wind vector (u) and c the turbulent kinetic energy
(TKE) for timesteps of 3600 and 6900 s taken at x = 12.5 km and y = 15.0 km

After this calculation the simulated katabatic layer is supposed to achieve a depth of 88 m.
Compared to the simulation results in Fig. 4, a depth of 121 m is obtained. Thus, our results of
an idealised katabatic flow with the model set-up presented above approximates the estimated
flow depth after the Manins and Sawford model. With a higher vertical resolution near the
surface, it could be improved. But as the focus of this study is on the modification of the flow
by topographical configurations, the outcome is sufficient and further adjustments were not
considered necessary.

The driving mechanism of the katabatic flow is the buoyancy deficit, which develops due
to radiation divergence (Eq. 5) associated with the ground heat fluxes (Eqs. 1–4) resulting
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from mechanically induced TKE and the latent and sensible heat fluxes. ARPS solves the
surface fluxes responsible for the cooling of the surface on the basis of the similarity theory
(Eq. 1 and 2). The soil temperature reduces to a value below the adjacent air temperature
followed by the sensible heat flux (Eq. 3) from the atmospheric boundary layer to the earth
surface balancing the heat loss. The surface acts as a sink for the thermal energy. The result
is a cooling of the lower atmosphere and a development of a positive temperature gradient.
A negative net radiation (Rn) was observed during the simulation (Fig. 6), which indicates
that the second term on the right-hand side of Eq. 5 is overbalanced. In the first hour, the net
radiation decreases slightly, but remains constant afterwards at values around 100 W m−2.
Hence, the buoyancy deficit is determined by the flow velocity and the slope angle. The sensi-
ble heat flux H in the first hour of the simulation is almost zero, indicating less development,
but afterwards H becomes negative as well and stays constant throughout the simulation.
So an energy flux from the atmosphere to the surface layer exists (Fig. 6). The atmospheric
boundary layer is constantly cooled, as indicated by the net radiation and ground surface
fluxes, and cold air is constantly transferred to the upper layers. Thus, the temperature deficit
between the atmosphere and the surface decreases, causing a constant sensible heat flux from
the atmosphere to the surface. The katabatic flow is sustained as long as the net radiation is
negative.

The distribution of the heat energy fluxes in Fig. 6 shows the thermally driven mechanism
of the downslope flow. Correlated with the temperature and windfield patterns in Fig. 4,
their profiles in Fig. 5 and the estimation of the katabatic layer, one can conclude that ARPS
produces feasible katabatic flows with chosen initial values and model set-up.

The cold drainage flow into a uniform valley (VAL), and into a valley with an additional
along-side inclination (VAL2), was simulated as well. The VAL terrain model consist of two
identical slopes, which have the same slope angle as SLP presented above. Due to several
studies of katabatic flows along simple valleys, the results are summarised and the simulations
not shown. As expected, an accumulation of the cold drainage air occurs in the VAL case

Fig. 6 The heat energy fluxes in
W m−2 with the net radiation
(Rn ), the sensible heat flux (H),
the latent heat flux (LE) and the
ground heat flux (G) as a function
of simulation time between 0 and
4 h taken at x = 12.5 km and
y = 15.0 km

W
 m

-2

123



Impact of Terrain Configuration on Katabatic Flows 317

due to the lack of an along-valley inclination. The valley cross-flow increases to maximum
values around 3.6 m s−1. Its values are minor compared to SLP due to the converging flow
from the sidewalls with resulting upward motion. With an additional along-valley inclina-
tion, the cold drainage air is able to develop as an outflow, which obtains maximum velocities
of approximately 1.8 m s−1. Compared to previous studies, (e.g., Doran et al. 1990a), the
katabatic flow shows similar dynamics, e.g. the inversion depth down the valley is lower than
at the higher sidewalls, which produces smaller flow velocities.

3.2 Impact of Topography

The impact of the topography on the occurrence of katabatic flows regarding its confluence
is demonstrated with the terrain models BSN and BSNV (Fig. 3). BSN represents the first
approximation of the concave-lined Andean terrain forming a basin in the target area. With
potential temperature (colour) and corresponding wind field (vectors) patterns, the regime of
the cold drainage air is indicated. Horizontal divergence fields illustrate the confluence and
mass contribution inside the basin. Finally, BSNV describes the Andean orography with its
complex drainage system. The impact of several mountain tops and a draining valley system,
as it appears in the target area, on katabatic flows is examined. Also, horizontal divergence
fields and mass changes show the influence of the katabatic flows.

3.2.1 Basin

For the analysis of the confluence of the katabatic flow, we begin with a uniformly concave
curved slope creating a basin. The following Figs. 7, 8 and 9 show the results of the simulation
to a height of 50 m above ground. In Fig. 7 the general behaviour of the flow is shown on the
basis of the potential temperature distribution (colour) and the wind field patterns (vectors)
at time step 14,400 s.

A basic katabatic flow generated by radiative cooling has developed. The cold drain-
age air flows down the curved slope; velocity increases with slope distance. A large

Fig. 7 Horizontal cross-section
(xy plot at z = 50 m above ground
level) of the potential temperature
(shaded, K) and the wind field in
the u–v direction (vectors, m s−1)
of BSN simulation for a timestep
of 14,400 s
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Fig. 9 Horizontal cross-section (xy plot at z = 50 m above ground level) of the pressure perturbation field
(shaded, Pa) of BSN simulation for a timestep of 14,400 s

horizontal temperature gradient causes the propagation of the air throughout the basin.
Along the curved slope, the drainage air rapidly accelerated with distance to its maximum
values around 5.8 m s−1 as seen in SLP. At the foot, the drainage air decelerates to a minimum
around 2 m s−1. This is the result of the buoyancy deficit’s decreasing influence. Driven by a
large horizontal temperature gradient, the cold air advances further into the basin. There, as
expected, the terrain configuration forces the flow to confluence, as shown by the accumula-
tion of cold air in the centre of the basin with minimum potential temperature of 294.75 K.
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Inside the basin, the velocity remains nearly constant until it reaches the convergence zone,
where the temperature gradient reaches its maximum. There the velocities rise again to reach
maximum values of around 4 m s−1.

The confluence of the horizontal wind field can be illustrated in terms of horizontal diver-
gences. In doing so, negative values describe convergences and positive values represent
divergence of the horizontal wind field. The results in Fig. 8 are shown with an amplification
factor of 1000. Inside the basin, a continuous horizontal convergence has developed, until
the cold air reaches its maximum. In this zone, an explicit divergence line with maximum
8.5 s−1 alternates with an explicit convergence line of 13 s−1, indicating frontal structures.
However, to analyse the confluence of the cold drainage air due to the shape of terrain, we
investigate the mass contribution as well. Since a confluence of the horizontal wind field
near the surface is closely linked to changes in the mass field, the perturbation of pressure
(pprt) is displayed in Fig. 9. At the slope, the pressure increases uniformly with distance by
around 40 Pa, whereas inside the basin the largest perturbation is concentrated with a maxi-
mum 84.5 Pa. Most of the mass contribution is located there, particularly in the middle of the
convergence zone. An accumulation of mass has taken place, which strengthens the issue of
confluencing katabatic flows forced by the concave shape of the terrain configuration.

3.2.2 Drainage System

Finally, variations in the flow dynamics are analysed with a concave curved slope interrupted
by several valleys generating a complex drainage system. The terrain model that was used
describes the main features of the topography in the target area. The results of the simula-
tion at a height of 50 m above the surface are displayed in Figs. 10, 11 and 12. The general
occurrence is also shown in terms of the potential temperature distribution (colour) and wind
vectors (Fig. 10). As in BSN, a general katabatic flow along the slopes has developed through
radiative cooling. The cold drainage air flows down the mountain into various valleys and
directly into the basin. At the valley floors, maximum cooling with a potential temperature
of 294 K occurs. Forced by the inclination of the valleys, the cold surface air drains into the
basin. In their exit regions the cold air can spread, but as it advances further into the basin
it undergoes confluence, forced by the concave topographical geometry. In BSN, a large
horizontal temperature gradient was generated, causing this propagation.

The velocities of the katabatic flow differ slightly from BSN as a result of the drainage
system. Along the slopes the flow accelerates with increasing distance to a maximum of
5.8 m s−1 as with BSN and SLP. Inside the basin the flow too decelerates due to the decreas-
ing influence of the buoyancy deficit, but not consistently. The impact of the drainage system
is evident. The draining valleys add an additional driving force, accelerating the flow. With
increasing distance along the valley floors, the cold air velocities increased to values around
9.5 m s−1. This is a combined result of the inclination and the channelling effect of the val-
leys. In their exit regions, the flow obtains a further acceleration to its maximum values of
10.1 m s−1. The flow decreases with increasing distance from the exit regions, but acceler-
ates again to 4 m s−1 when it is close to the confluence zone where the temperature gradient
reaches its maximum.

The horizontal divergence field (values are amplified by a factor of 1000) and pressure
perturbation are also used to evaluate the confluencing katabatic flow (Fig. 11). The uniform
convergence is divided by additional divergence patterns at the exit region of each valley
caused by the cold drainage air advancing into the basin. The convergences reach values
around 5.8 s−1, whereas the divergences achieves 4 s−1. Inside the basin the convergences
decrease to values around 1s−1, as in BSN, divided by calm regions. In the valleys the flow
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Fig. 10 Horizontal cross-section
(xy plot at z = 50 m above ground
level) of the potential temperature
(shaded, K) and the wind field in
u–v direction (vectors, m s−1) of
BSNV simulation for a timestep
of 14,400 s
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Fig. 11 Horizontal cross-section (xy plot at z = 50 m above ground level) of the divergence field (shaded,
s−1 amplified by a factor of 1000) of BSNV simulation for a timestep of 14,400 s

from the slopes initially converges, inducing an along-valley flow afterwards, as seen in the
divergence field.

The corresponding pressure perturbation (pprt) field (Fig. 12) shows more details of the
confluence of the cold drainage air mass. It is evident that the valley drainage into the basin
contributes the greatest increase in mass, with a maximum of 77.2 Pa, which is created by
the converging air from the surrounding mountain tops. Inside the basin, the pressure rises to
67.5 Pa, but is unevenly allocated. However, the greatest mass increase occurs in the centre of
the basin indicating the confluence of the cold drainage air due to the terrain configuration.
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Fig. 12 Horizontal cross-section
(xy plot at z = 50 m above
ground level) of the pressure
perturbation field (shaded, Pa) of
BSNV simulation for a timestep
of 14,400 s
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Fig. 13 Vertical cross-section
(xz plot from x = 50.0 km,
y = 50.0 km to x = 79.0 km,
y = 79.0 km) of the divergence
field (shaded, s−1 amplified by a
factor of 1000) and the wind field
in u–w direction (vectors, m s−1)
of BSNV simulation for a
timestep of 14,400 s
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To take a closer look at this convergence zone, a cross-section through its middle has
been made. Convergence of the horizontal wind field near the surface not only implies mass
contribution, it is also related to vertical motion. Accordingly, the vertical divergence field
overlayed with wind vectors in the u–w direction is shown in Fig. 13. The ambient atmo-
sphere is calm, without any vertical motions, as already seen in previous figures. However,
the region of interest shows an alternating convergence and divergence line associated with
upward (maximum 1.2 m s−1) and downward (maximum 0.66 m s−1) motion, indicating a
deformed wind field, which points to a frontal zone (Eliassen 1959).
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4 Discussion

As expected, the geometry of topography has strong effects on the general behaviour of kat-
abatic flows. Particularly the concave terrain configuration shown herein demonstrates the
topography’s influence regarding the confluence of the cold drainage air over low terrain.
With the simplified terrain models BSN and BSNV (Fig. 3), the main orographical features
of the Andes of southern Ecuador/northern Peru are covered and are used to explore the
occurrence and modification of the cold drainage air.

First, BSN as a uniformly concave terrain configuration was used to show the princi-
ple modification of a general katabatic flow concerning its confluence. The results of the
simulations (Fig. 7) illustrate the common development of a thermally induced downslope
with increasing wind velocity along the slope distance. The cold surface air drains into the
basin, where it consistently advances through the basin as a result of the regular slope con-
figuration. Forced by the topography, a convergence zone following the concave terrain line
developed.

Interrupting the basic geometry of BSN with several valleys forming a complex drainage
system into the basin, the complex structure of the Andean orography has been captured.
Just as with BSN, BSNV was used to examine the confluence of the katabatic flow, but with
a marked drainage system. As seen in Fig. 10, a steady flow was generated by the terrain
configuration. The results of the simulation also show the development of a katabatic flow.
However, this time a downslope motion occurs along every existing slope of the terrain model
separating the regular inflow of cold air and its steady confluence. This follows the drainage
system, induced by the six large valleys, causing variations of the cold air inflow. Thus, in
the exit region the cold drainage air propagates faster into the basin as the air from the slopes
directed towards the basin. Compared to the continuous concave line terrain, an unsteady
inflow of cold air developed due to an irregular configuration of topography. The effect of
slope angle and slope distance on the occurrence of katabatic flows, as described in Manins
and Sawford (1979) is demonstrated by the various slope angles forming the drainage system,
as shown in Fig. 1.

An analysis of the horizontal divergence field in BSN and BSNV as shown in Figs. 8
and 11 contributed to this result. In BSN, the basin is calm and undisturbed with a perma-
nent convergence of approximately 2 s−1 until it reaches the zone of maximum horizontal
temperature gradient. There, the cold drainage air converges with the less cold air from the
basin. However, this convergence zone is arranged linearly following the concave lined ter-
rain, and caused the mentioned acceleration in wind speed in the katabatic flow (Parish 1982;
Bromwich and Kurtz 1984). With the perturbed pressure distribution, we can take a closer
look to the confluence of cold air. As seen in Fig. 9, the greatest mass increase is concentrated
in the middle of the basin, which indicates a confluencing katabatic flow on the basis of a
concave lined slope.

The concave curved slope is interrupted by an extensive drainage system, which has con-
sequent effects on the mass contribution to the basin (see Fig. 12). Since the valleys add
an additional driving force, which generates an increase in the velocity compared to the
downslope flowing directly into the basin, the inflow is discontinued. It is evident, especially
in the exit region of each valley, that this acceleration leads to a modification of the cold
air mass distribution. At the exit regions the flow can spread, which is made clear by the
horizontal divergence field of the flow. The results are alternating patterns of divergences
and convergences in the basin, which differ clearly from BSN. However, despite these vari-
ations in cold surface flow dynamics, a net confluence of the flow developed, as seen by the
mass contribution in Fig. 12. As in BSN, the greatest mass increase took place in the centre
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of the basin, although the mass contribution is less due to the drainage system. A conver-
gence line following the basic structure of the concave terrain line also developed, just as in
BSN.

The vertical cross-section in Fig. 13 shows the formation of a typical frontal zone with
upward and downward motions. However, the vertical velocities are rather low, which results
from insufficients moisture in the atmosphere. It must be pointed out that the simulations
were primarily intended to show the occurrence of katabatic flows and to demonstrate their
confluence as a result of the impact of terrain geometries. Nevertheless, the basic structures
of a surface front are already visible and will be further analysed in future work with regard
to the second hypothesis stated above.

5 Summary and Conclusions

In this study the mesoscale model ARPS was used to investigate the impact of different
terrain shapes on a katabatic flow in an idealised case study. The main subject of the anal-
ysis is the confluence of the flow due to a concave-lined terrain configuration. The target
area is located at the eastern Andean slopes of southern Ecuador and the northern Peruvian
Amazon basin. Due to the very steep slopes and valleys of the Andes, five different simpli-
fied terrain models representing the main characteristics of the topography in this area were
used.

Using a simple slope model, it could be shown that a katabatic flow was generated. With
the resulting potential temperature and wind field patterns the typical characteristics of cold
drainage flows, such as the formation of a katabatic layer and the jet-like wind profile, were
illustrated. Furthermore, it could be demonstrated that the surface heat fluxes, along with the
associated cooling of the surface layer, act as main drivers for the katabatic flow. Hence, a
typical thermally driven flow developed.

The impact of the topographical geometry with an uniformly concave-lined slope on kata-
batic flows was shown regarding its confluence. The cold drainage air was forced by the shape
of the terrain to propagate into the centre of the basin. There it produced a large horizontal
temperature gradient inducing a convergence line. As a result of the slope geometry the most
pronounced horizontal divergence developed in the centre of the basin.

A complex drainage system captures the Andean orography of the target area. It changes
the uniform concave slope structure with several valleys and mountain tops forming a com-
plex drainage system regime. The results of the simulation show that the continuous flow
structures of BSN were interrupted by the draining valleys, but the general flow behaviour
was sustained. The effect of these properties is that, although no regular inflow of katabatic
flow occurs due to various slope angles and distances, the cold drainage air confluenced
because of the general concave geometry of the topography.

The results of the study at hand verify the initial hypothesis that nocturnal drainage air
from slopes and valleys confluences due to a concave topography. A persistent thermally
driven flow advances through the basin, generating a convergence line that is largest in the
centre. Thus, further work is required to verify the second hypothesis stated at the beginning,
i.e. the formation of convective clusters due to interaction in confluencing cold drainage air,
shown herein with the warm moist air from the Amazon basin.
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