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ABSTRACT

Precipitation in remote mountainous areas dominates the water balance of many water-short areas of the
globe, such as western North America. The inaccessibility of such environments prevents adequate measurement
of the spatial distribution of precipitation and, hence, direct estimation of the water balance from observations
of precipitation and runoff. Resolution constraints in atmospheric models can likewise result in large biases in
prediction of the water balance for grid cells that include highly diverse topography. Modeling of the advection
of moisture over topographic barriers at a spatial scale sufficient to resolve the dominant topographic features
offers one method of better predicting the spatial distribution of precipitation in mountainous areas. A model
is described herein that simulates Lagrangian transport of moist static energy and total water through a 3D
finite-element grid, where precipitation is the only scavenging agent of both variables. The model is aimed
primarily at the reproduction of the properties of high-elevation precipitation for long periods of time, but it
operates at a time scale (during storm periods) of 10 min to 1 h and, therefore, is also able to reproduce the
distribution of storm precipitation with an accuracy that may make it appropriate for the forecasting of extreme
events. The model was tested by application to the Olympic Mountains, Washington, for a period of eight years
(1967-74). Areal average precipitation, estimated through use of seasonal and annual runoff, was reproduced
with errors in the 10%-15% range. Similar accuracy was achieved using point estimates of monthly precipitation
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from snow courses and low-elevation precipitation gauges.

1. Introduction

Precipitation at high elevations contributes dispro-
portionately to the water balance of many areas of the
globe where there is significant topographic variability.
For instance, over 70% of the annual runoff in the
western United States is derived from snowmelt from
relatively small (less than 25% of total land area ) head-
water catchments. In such areas, the water cycle is con-
trolled by the duration and distribution of precipitation
at high elevations, where local topography plays a gov-
erning role with respect to the triggering of mechanisms
such as condensation and raindrop or ice nucleation
and growth. Under conditions where precipitation ini-
tiation and enhancement are dominated by airflow over
topographic barriers, a precipitation divide is usually
observed upstream of the topographic ridge. Intense,
lengthy precipitation events are typical upwind of the
ridge, while the magnitude and duration of precipita-
tion events decrease sharply on the lee side: this is often
termed the rain-shadow effect (Sumner 1988; Cotton
and Anthes 1989).

The motivation for improved understanding of the
long-term dynamics of orographic precipitation is in
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part based on the need for better estimates of the areal
and temporal distributions of precipitation, which can
best be achieved through improved representations of
local orography and atmospheric dynamics. This ob-
jective cannot be attained with current atmospheric
models, which operate at spatial and time scales too
large to resolve orographic precipitation adequately, in
the case of general circulation (GCM) and limited-area
models (LAM) (Giorgi and Bates 1989), or that are
too short to simulate more than a few storm episodes
at a time in the case of mesoscale models (Cotton and
Anthes 1989). For instance, many 2D and 3D models
of orographically induced dynamics reported in the
literature use a single bell-shaped mountain as a terrain
singularity, with time steps often on the order of a few
minutes. Also, such models have usually been devel-
oped for the investigation of specific phenomena of
atmospheric dynamics in the vicinity of mountains
(e.g., dry gravity waves, lee waves), under conditions
that may or may not be relevant for prediction of pre-
cipitation amounts.

In this paper, we describe a regional Lagrangian
model for the continuous simulation of precipitation
in areas of extreme topographic relief. The model,
which simulates the deformation of wind fields by
topographic barriers, transports moist static energy and
total water through a 3D finite-element grid. The pro-
duction of water and ice is governed by thermodynamic
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considerations, while precipitation is parameterized as
a sink term, the controlling parameters of which are
estimated from surface data. A multiyear investigation
of the long-term distribution of precipitation for the
Olympic Mountains, Washington, is used to illustrate
model performance. The results are validated with
gauge precipitation, snow depth, and snow water-
equivalent measurements, as well as streamflow records
from which areal precipitation is estimated. The model
was calibrated and verified for a one-year period
(1967), and the seven subsequent years were used for
model validation only. In addition, results from the
application of the model in predictive mode are illus-
trated through the generation of quantitative precipi-
tation forecasts for selected storms.

2. Previous work

In an idealized characterization, orographic modu-
lation of precipitation is associated with the adiabatic
ascent of air parcels embedded in a zonal synoptic flow,
due to the smooth deformation of the streamlines over
a blocking topographic profile. This simple scenario
rarely occurs in practice, and a regional model of oro-
graphic precipitation must account for a realistic in-
terpretation of significant meteorological processes.
These processes include cloud physics and terrain-in-
duced deformation of winds. Both of these processes
remain the subject of ongoing research, and are far
from being fully understood. In addition, the fastest
computers presently available are still incapable of ac-
commodating the resolution requirements implied by
the representation of small-scale processes (entrain-
ment, drop and ice-crystal formation and growth,
among others), which affect orographic precipitation.
Therefore, the state of the art for orographic models
can be summarized as follows:

(i) flow and thermodynamic variables are externally
specified; -

(ii) cloud microphysics are extensively parameter-
ized; and .

(iii) the ascent of air parcels is assumed to occur
adiabatically as a result of linear deformation of the
synoptic flow field by the local orographic slope.

The flow and thermodynamic variables required by
orographic models are generally provided by GCMs or
LAMs (Bell 1978; Gollvik 1984; Nickerson et al. 1986)
or are taken more or less directly from radiosonde and
balloon observations. In some cases, analytical or quasi-
analytical flow models have been coupled with cloud
models for the numerical representation of well-con-
trolled meteorological episodes (Hobbs et al. 1973;
Gocho 1978; Robichaud et al. 1988). The overwhelm-
ing majority of such models has been developed for
episodic 1D or 2D simulations, and only a few such
applications have been verified against gauge precipi-
tation (Collier 1975; Bell 1978; Speers 1986; Richard
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et al. 1987; Gollvik 1988; Oki and Koike 1991).In a
few cases, validation has been attempted using satellite
imagery of long-term snow cover (Bagchi 1982) and,
more recently, episodic radar information (Takeya et
al. 1989). Most of these research applications have been
directed toward sensitivity studies of cloud-micro-
physics processes (Hobbs et al. 1973; Carruthers and
Choularton 1986; Robichaud and Austin 1988) or at-
tempts to establish consistent 1D or 2D physically
based or purely statistical regressions among orographic
indicators (width, length, slope), wind speed and di-
rection, and measured precipitation (Hendrick et al.
1978; Rhea 1978; Carruthers and Choularton 1986;
Peck and Schaake 1990). The latter preclude appli-
cation to more than one characteristic storm at a time,
as they rely on the specification of the direction of the
approaching wind. In general, these methodologies
work well for individual episodes and along orographic
slopes facing incoming storms.

Among the numerous simplifications that have of
necessity been employed in the previous models, two
stand out because of the governing role they may play,
especially at high elevations [e.g., more then 1-2 km
above mean sea level (MSL)]:

1) neglecting deep convection upwind of the to-
pographic divide, which becomes important for slow-
moving air masses, and

2) the formation of solid precipitation.

The computational cost of including detailed descrip-
tion of these phenomena within the framework of a
regional model is excessive for applications that last
more than a few events. [For instance, a time step of
50 s was used by Hobbs et al. (1973) and Fraser et al.
(1973), and time steps of the order of 1-2 min are
routinely used in the forecast models of the National
Meteorological Center and the European Centre for
Medium-Range Weather Forecasts.] Common practice
is the calibration of partitioning coefficients to quantify
the separation of condensate into rain and snow above
the freezing level of clouds and to account for the en-
hancement of precipitation due to deep convection in
strong storm systems. [For instance, Bell (1978) in-
creased the precipitation coefficient by 20% in lieu of
accounting for this effect directly.] Cyclogenesis in the
lee side of mountains may be responsible for higher
precipitation amounts than would be predicted oth-
erwise by the assumption of linear flow deformation
[the Olympic Mountains are such a case, as suggested
by Mass (1981)]; but this mechanism has been ignored
by the studies reviewed above.

The current state of understanding of orographic
precipitation as incorporated in the present generation
of numerical models can be summarized as follows:

(i) orographic modulation of rainfall upwind of a
topographic divide can reach values that vary from 50%
to 85% for low topographic features (hills from tens to
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a few hundred meters high) up to more than 200% for
high-elevation areas (above 1-2 km) (Browning 1980;
Hobbs et al. 1973; Robichaud and Austin 1988);

(ii) for low to moderately high and narrow moun-
tains (halfwidth less than 10 km), the orographic effect
consists of the intensification of preexisting rain from
stratiform clouds by means of a seeder-feeder type of
interaction with the cap clouds (Gocho 1978; Browning
1980; Robichaud and Austin 1988);

(iit) in the case of rainfall alone (warm clouds), the
peak of orographic enhancement lies upwind of the
topographic peak, and there is a strong, negative gra-
dient in the lee side. The precipitation maximum and
its upwind displacement increase with precipitation
intensity (Hendrick et al. 1978; Carruthers and Chou-
larton 1986), although significant amounts of low-level
moisture may impact upon atmospheric stability, and
in some cases, may completely eliminate orographic
modulation (Richard et al. 1987; Robichaud and Aus-
tin 1988);

(iv) when precipitation falls in solid form, its dis-
tribution over low to moderately high mountains in-
cludes a tail that spreads over the lee side, due to im-
proved efficiency of horizontal advection relative to
the terminal fall speeds of ice particulates (Hobbs et
al. 1973); even in these cases, however, the peak of
precipitation usually occurs upwind of the topographic
peak;

(v) the dynamics of flow deformation by orography
prevail over cloud microphysical processes with respect
to the bulk quantification of precipitation (Richard et
al. 1987; Robichaud and Austin 1988); and

{vi) precipitation rates show an almost linear de-
pendence upon the horizontal low-level wind velocities
(Collier 1975; Bell 1978; Carruthers and Choularton
1986; Richard et al. 1987).

3. Model formulation

The model described herein is based on prescribed
atmospheric circulation, including 3D wind fields,
temperature, and relative humidity. Time series of these
variables can be obtained either from an independent
atmospheric circulation model or from observations.
The latter data-driven approach was used in the case
study discussed in this paper.

a. Basic equations

Adiabatic flow is the fundamental thermodynamic
assumption of the model. Under this assumption, moist
static energy and total water are conservative and can
be used as tracers for the study of the movement of an
air parcel in the atmosphere (Cotton and Anthes 1989).
The conservation of moist static energy /4, can be stated
by the following transport equation:

Dhyy

y = S(p),

5 (1)
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hy= ¢, T+ Lg, + 82 (2a)
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Z=—tu—tv—+w—, 2b
Do Yox Ve Waz (2b)

where the scavenging term S(p) is a function of the
precipitation rate p; and 7 and g, are, respectively,
temperature and water vapor content, ¢, is specific heat,
L is latent heat of vaporization, g is the acceleration
of gravity, and z is the atmospheric height.

The precipitation rate p is the only scavenger of moist
static energy considered by the model. The precipitable
water g, is calculated as the excess amount of water
that satisfies the continuity of total water O under sat-
urated conditions:

2%, 3)
Q=4+ 4 (4a)

and
bp=atd, (4b)

where the subscripts s, /, and i refer, respectively, to
saturation and the liquid and ice phases of cloud water.
(A complete list of variables appears in the Appendix.)

Condensation is triggered when an ascending air
parcel passes its lifting condensation level (LCL). Al-
though there is no specific treatment of cloud micro-
physics in this model, a corrective coefficient n was
introduced, which modifies the relative humidity con-
ditions for which “effective” supersaturation occurs by
acting upon the water vapor content at saturation g
(e.g., condensation is enhanced by cooling the envi-
ronment):

(5)

This artificial corrective coefficient accounts for such
processes that occur at a time scale that is much faster
than the one inherent to the model’s range of time
steps, and whose effect upon cloud formation and
growth is aggravated by orographic lifting. Among oth-
ers, the conditions that contribute to the signature of
fast cloud processes are:

qs = ngs.

(i) the competing effects of cloud-drop growth by
collision or simple condensation according to the re-
gional concentrations of cloud condensation nuclei
(CCN);

(i1) the presence of high salt concentrations, which
activate drop nucleation through the solution effect;

(iii) abundant drizzle, which in coastal regions is
an important agent of CCN activation, while it also
plays the role both of seeder and feeder of cloud for-
mation and growth (Bergeron 1960; Wallace and
Hobbs 1977; Baker and Charlson 1990).
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The corrective coeflicient 5 (5 < 1 for coastal air when
Q> g,,n = | otherwise ) depends on the mean regional
values of CCN and salt concentrations on the study
region.

The depletion of condensed water by precipitation
is resolved by a linear relationship of the form:

p = Kqp, (6)

and

P(x,y,1) = fzp(x, Y, z,t)dz. (7)

The parameter K, which varies both in time and
space, is estimated from surface records of total pre-
cipitation. Rain or snow events are partitioned ac-
cording to the position of the freezing level (FL)
through the study domain and the temperature gradient
between 850 and 500 hPa (Murray 1952).

b. Model implementation

The transport of moist static energy and total water
is interpreted by the model using a strategy of decou-
pling Egs. (1) and (3) into equations accounting in-
dependently for transport (pathways 1 and 2 in Fig. 1)
and thermodynamics (pathways 3 and 4 in Fig. ).
Conceptually, this means that air parcels are isolated
from interaction with the environment (e.g., no pre-
cipitation ) while they travel between two locations, and
precipitation is controlled by a point-release process
that is switched on or off as determined by thermo-
dynamic considerations.

The use of this methodology was motivated by the
necessity to resolve the difference between the hori-

o

® LCL
%k FL

FiG. 1. Conceptual description of the model: (a) backward tracking
of an air parcel; (b) conservative transport; (c) cloud formation and
evolution; (d) precipitation. (LCL—Ilifting condensation level; FL—
freezing level).
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zontal scales of synoptic motions (on the order of
thousands of kilometers) and the orographic updrafts
(on the order of hundreds of meters) in the space do-
main, so that the time scale of precipitation ( minutes)
can be preserved for long periods of simulation (years).
Therefore, Eqgs. (1) and (3) are partitioned into two
pairs of equations: one for total advection of A, and
0, Egs. (8a) and (8b), which account for both hori-
zontal and vertical components, and a second pair,
Egs. (14) and (15), to describe depletion of 4, and Q
by precipitation. The latter is used only when the nec-
essary thermodynamic requirements are met:

Dhy |  0hy

= ==V, V=0

2 Y £ M (32)
DQ| 90* B

D z— % + V.- V.0=0. (8b)

The initial boundary value problem defined by Egs.
(8a)and (8b) is hyperbolic. This means that the quasi-
linear partial differential equation associated with it
has three families of characteristic lines in the real do-
main, which are defined by (x = ut), (y £ vt), and (z
+ wt), respectively. Prognostic applications of Lagran-
gian methods take advantage of the hyperbolic form
of the equations by tracking along the characteristic
lines of the solution space the trajectory of a state vari-
able from a point (X, y, z) to a previous position
[backward method of characteristics (BMC)]. Due to
its high variability, the 3D advection field is well suited
to a Lagrangian framework, which allows for the track-
ing of air parcels at the scale of all three velocity com-
ponents without numerical compromises.

Accordingly, we implemented Eqgs. (8a) and (8b) in
the form of a 3D adaptive BMC, which uses a fifth-
order Runge-Kutte method to solve for the three char-
acteristic equations:

dx
E s—u(x’y, z, t) (9a)
dy | _ :
dZ E‘v(x5y9 z, l) (9b)
dz
—(?f- E— W(.X, v, z, Z)' (90)

Theoretically, the time step in Lagrangian methods
would equal the simulation time and, consequently,
interpolation in a discretized space would be the ex-
clusive source of error. In fact, we can describe the
velocity field defined by u, v, and w only in discretized
form and not as continuous functions in the solution
space. Because the uniqueness of the solutions of Egs.
(8a) and (8b) is only certain within the limits of ap-
proximation of the velocity field, the time step in La-
grangian schemes is eventually constrained by the
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variability of the flow field itself: the time step cannot
exceed the interval during which the assumptions that
u, v, and w are constant hold. In this case, an adaptive
time-stepping procedure was implemented, which rec-
onciles automatically the size of the integration time
step with the magnitude of the zonal synoptic wind at
850 hPa. This feature is used to optimize the efficiency
and resolution of the model for both average and ex-
treme weather conditions.

A 3D finite-element grid (linear elements with eight
nodes) implemented in terrain-following coordinates
describes the domain of application. The solution of
the system of Eq. (9) predicts the position of nodal air
parcels at the beginning of the current time step. The
moist static energy and total water of the air parcel are
then determined by interpolating among adjacent
nodes. Moist static energy and total water are conser-
vatively transported during the time interval of advec-
tion but are updated with respect to water content
whenever air parcels reach their lifting condensation
level. At that height, or above, supersaturation values
can be calculated from the distributions of 43, and T

hfw— T — gz
y =~ == 1
L (10)
and
Ags= g, — g5 - (1

Formally, the replacement of ¢; by ¢¥ in Eq. (11) can
be interpreted as an adjustment for the fact that a trav-
eling air parcel, which is unsaturated at time (¢ — Af)
and is saturated at time ¢/, must have undergone sat-
uration somewhere in between its previous and current
locations. The precipitable water contents above freez-
ing level ¢g; and below freezing level g, can be readily
obtained from the continuity and condensation flux,
Eas. (4) and (11), respectively:

dig = Qs._Qv"' Ag;. (12)
Finally, the rain and snowfall rates are the following:
(13a)

(13b)

For the time scale typical of the triggering of orographic
precipitation (<1 h), melting of snow as it travels
through the atmosphere until it reaches the ground can
be neglected (Browning and Collier 1989). The total
water content and the moist static energy at the begin-
ning of the new integration interval are obtained from
continuity of total water:

.Q=Q£_pr—ps
=gy +q(l —K;)+q(l - K3)

Dr = K1q1
Ds = Kyg;.

(14)

hae = by — LAgs. (15)
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¢. Computational aspects

The finite-element grid constructed for the Olympic
Mountains has a total of 2112 nodes and 1575 elements
(Fig. 2), with six vertical layers corresponding to the
1000-, 950-, 900-, 850-, 500-, and 250-hPa pressure
levels. Figures 3a,b illustrate the quality of the topo-
graphic representation in the finite-element grids as
compared to the “real” topography obtained from a
3-arc-second (approximately 90 m) digital elevation
map (DEM).

The horizontal resolution of the grid is about 10 km.
A variable time step ranging from about 10 min to 1
h was used, depending on the 850-hPa wind speed.
The model requires an average of less than 5 CPU sec-
onds on an IBM 530-RS6000 workstation to complete
one time step (1 year of simulations takes approxi-
mately 1 h of computer time).

4. Data analysis
a. Initial and boundary conditions

For a given simulation, initial boundary conditions
are established by computing a distribution of atmo-
spheric moisture consistent with the daily values of
precipitation observed at the beginning date. The re-
sults for the simulation of the excursion of the first
weather feature through the application domain (typ-
ically 3-4 days) are ignored. By so doing, we eliminate
the impact of initial conditions on the global analysis
of results. This safeguards us against inconsistencies
that might result from mistaken specification of initial
conditions, such as the estimation of the spatial distri-
butions of precipitation from a sparse number of point
measurements ( precipitation gauges).

In the absence of detailed atmospheric circulation
information for the study domain, radiosonde data
were used for the specification of the boundary con-
ditions. There are three radiosonde stations along the
northwest coast of North America that might be rele-
vant to this effort: two out-of-state stations, one in
British Columbia and the other in Oregon, and one in-
state station at Quillayutte (see Fig. 4). These stations
are positioned to observe the arrival of weather phe-
nomena approaching, respectively, from north, south,
and west. Because precipitation along the northwestern
coast of the United States is usually accompanied by
westerly and southwesterly winds (Speers 1986), Quil-
layutte was selected as the source of boundary condi-
tions data for our simulations. This is generally ade-
quate for the application to the Olympic Peninsula de-
scribed here. However, during late spring and summer,
when long periods of easterly or southeasterly winds
occur, the use of Quillayutte data as a reference to im-
pose boundary conditions is inappropriate. Because late
spring and summer precipitation are responsible for
less than 10% of the annual mean precipitation in the
Olympic Peninsula, the precipitation simulated during






