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Abstract. Elevation effects in long-term (monthly to inter- timescales, elevation becomes the dominant factor determin-
annual) precipitation data have been widely studied andng the small-scale structure of the precipitation field. Ex-
are taken into account in the regionalization of point-like ternal drift kriging and cokriging methods are employed to
precipitation amounts by using methods like external drift derive statistical relationships between precipitation data and
kriging and cokriging. On the daily or hourly time scale, the terrain and to interpolate the precipitation field between
precipitation-elevation gradients are more variable, and diffi-point observations (Daly et al., 1994; Goovaerts, 2000; Guan
cult to parameterize. For example, application of the annuakt al., 2005; Hunter and Meentemeyer, 2005).
relative precipitation-elevation gradient to each 12-h sub- However, a long-term precipitation distribution is the sum
period reproduces the annual total, but at the cost of a largef individual short-term distributions, and elevation effects
root-mean-square error. If the precipitation-elevation gradi-must be present, even if not always visually discernible,
ent is parameterized as a function of precipitation rate, thein arbitrarily short precipitation analyses as well. In Aus-
error can be substantially reduced. It is shown that the formria, the recent development of flood forecasting models
of the parameterization suggested by the observations corfor small Alpine catchments has created a need for high-
forms to what one would expect based on the physics of theesolution (1 km), short-term (15 min) precipitation analyses.
orographic precipitation process (the seeder-feeder mechaa/hile there have been many studies on long-term elevation-
nism). At low precipitation rates, orographic precipitation is precipitation relationships (Smith, 1979; Barry, 1992; Ba-
“conversion-limited”, thus increasing roughly linearly with sist et al., 1994; Daly et al., 1994; Kiefer Weisse and Bois,
precipitation rate. At higher rates, orographic precipitation 2001), little is known about such relationships at shorter time
becomes “condensation-limited” thus leading to an additivescales. Differences in meteorological conditions (static sta-
rather than multiplicative orographic precipitation enhance-bility, flow direction and strength, freezing level) between
ment. Also it is found that for large elevation differences it individual precipitation events lead to large variations of the
becomes increasingly important to take into account thoserecipitation-elevation relationship. Moreover, when short
events where the mountain station receives precipitation butime periods are considered, precipitation will frequently oc-
the valley station remains dry. cur only in parts of an area, which makes the application of
kriging methods difficult.
As part of a project in which a flood prediction system
1 Introduction for the Austrian federal province of Salzburg is being devel-
oped, elevation effects on precipitation over 12-h time inter-
In mountainous terrain, elevation differences strongly con-vals are investigated. An objective of the study was to deter-
tribute to the small-scale spatial variability of precipitation. mine the most important factors affecting the strength of the
The effect is most pronounced for long accumulation peri-Precipitation-elevation relationship. It turned out that corre-
ods such as monthly, annual, or inter-annual. Due to parlations with quantities like wind speed, stability, or tempera-

tial cancellation of non-orographic spatial patterns on thesdure (as an indirect measure of freezing level) were generally
too weak to be used in a parameterization. Only precipita-

) tion amount itself exhibited a correlation with the elevation
Correspondence tol. Haiden effect sufficiently robust to serve as a basis for a parameter-
BY (thomas.haiden@zamg.ac.at) ization. Another objective was to answer the question: If
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Table 1. Topographic characteristics of station pairs used in thelndlwdu_al_mountaln ndggs and valleys (5-10km scale). Itis
analysis. The last column gives the direction of the valley stationth€ variation on this horizontal scale we attempt to param-

relative to the mountain station.

eterize. It also appears to be the optimal scale for the ap-
plication of elevation-precipitation relationships (Daly et al.,

#  Station z(m) Az(m) Ax(m) Dir 1994; Sharples et al., 2005). Moreover, the average distance
ahnenk 1790 between real-time rain gauge stations in the Austrian Alps is
1 annenkamm 1046 3800 NNE ~20 km which means they already capture most of the meso-
Kitzbuihel 744 o . o
B scale precipitation variations. This is another reason why
Loferer Alm 1623 our study focuses on the rather local (5—-10 km) meswzale
2 998 4200 ESE . s
Lofer 625 increase of precipitation from a valley floor to the surround-
Schmittenbhe 1973 E ing ridges and peaks.
3 Zellam See 766 0 00 Table 1 lists the station pairs used in the analysis. The
horizontal distance between mountain and valley stations is
Feuerkogel 1618 . . .
4 Gmunden 407 1191 4300 E about 4 km, the vertical distance is about 1 km. On the meso-
B scale, station pairs 2 and 4 are located in the primary north-
5 E:?(chenau 1547 1061 4900 ESE ern Alpine upslope precipitation belt, whereas station pairs 1,

486 3, and 5 are experiencing already some downstream shelter-
ing. Pairs 1-4 are located well north of the main Alpine crest,
pair 5 is situated at the eastern end of the Alpine chain. For
this study we used 12-h precipitation observations (06:00—

a long-term (annual or inter-annual) precipitation distribu- 18:00 UTC, 18:00—-06:00 UTC) from the 11-yr period 1995—

tion for a mountainous area is given, is it possible to derive2005. The observations were corrected for wind effects fol-

a parameterization for short time intervals which generatesowing the method of Skoda and Filipovic (2007) which esti-

analyses that reproduce the long-term distribution when acmates a correction factor as a function of precipitation inten-

cumulated over the long-term period? sity, wind speed, and wet-bulb temperature (for the distinc-
The paper is organized as follows. Section 2 describes th&on between snow and rain).

study area and data set used in the study. Section 3 presents

a parameterization which allows computation of the eleva-

tion effect for different 12-h rainfall amounts from the long-

term precipitation-elevation gradient. Results are discusse

in Sect. 4 which also illustrates the application of the param-
eterization in the operational INCA (Integrated Nowcasting
through Comprehensive Analysis) system.

g Parameterization

Figure 1 shows 12-h precipitation amounts for station pair 4,
which has been chosen because it is located in the most up-
stream and most textbook-like primary upslope precipitation
area. Even so, the scatter is large. If anything, the Figure
suggests a weak linear relationship with a slope of 2-3 (not
shown) for valley precipitation amounts up to 20-25mm.

In the study of elevation effects on precipitation it is neces-~PPIying such a factor to all precipitation events, however,
would lead to a strong overestimation of annual precipita-

sary to define the spatial scale on which a relationship is sup= . . _ X )
posed to be valid. In the Alpine area no systematic increasdion at the mountain station. If a linear relationship would
of precipitation with elevation exists on the 50-100 km scale P& USed, the slope that best reproduces the annual total at the

This is not meant to imply that station pairs do not show amquntain station is close to. 1.5 (thin contin_uous line). By
significant correlation over this distance (and even beyondd0ing so we would underestimate the elevation effect for the

as shown for daily values by Ahrens, 2006). It is meant inlarge number of events with less than 10 mm at the valley
the sense that if topography and precipitation are smoothedttion.

over such a scale they do not exhibit a simple relationship. AS one step beyond a linear relationship we propose the
Precipitation increases from the Alpine foreland towards thefollowing parameterization of the dependence of mountain
northern and southern upslope areas and generally decreasdi&cipitationPmm on valley precipitationPya

towards the interior Alpine areas, in spite of higher terrain
there (Frei and Séhr, 1998). These areas experience precipi-
tation shielding due to mountain-range blocking and upslope ™
effects. This is a familiar pattern that can be found in many
other areas such as the Pacific coastal mountains of the U&hereP,=(a—1)/(2b). At Pya= P, the relationship changes
and Canada, or the mountains of Norway and Sweden. Howfrom parabolic to linear. The location dft., i.e. its depen-
ever, superimposed on this larger scale are patterns due tence o andb, follows from the conditionl Pmin/d Pya=1

2 Data and study area

Pya < P

Pyai(a — b Pya))
— , 1
{ Pyal = P @

"= P+ (@ —1—bP:)Pe
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Precipitation Feuerkogel (1618m) vs. Gmunden (427m)
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Fig. 1. Precipitation at mountain station vs. precipitation at val-
ley station for individual 12-h amounts for station pair 4. The

bold curve shows the parameterized relationship ERs(4), (5)-  Fig. 2. If the non-orographic (seeding) precipitation is weal;
For comparison, the thin line shows the simple linear relationshiporographic enhancement is limited by conversion. If seeding is
Eq. @). strong(b), orographic enhancement is limited by condensation.

that the numbers given below refer to values Afa, b
normalized to an elevation difference of 1000m between
mountain and valley station. The different elevation dif-
P Pyal [1+ (a—1 (1— %)] Pyu < P. 5 ferences between station pairs listed in Table 1 have been
mn= p a1 ‘ » @) taken into account by normalizing the inter-annual precipi-
val + 5= Pc Pyal = P . . . _ :

tation ratioA in Eq. @) by A-1000/Az. Similarly, applica-
whereb has been expressed in termsaodnd P.. The pa-  tion of the parameterization to an arbitrary height difference
rameteiz is the ratio between mountain and valley precipita- A; means replacingmm/ Pval s Obtained from Eq.1j by
tion in the limit of small valley precipitation. The parameter (p,_./p,.1)Az/1000.
b is a measure of how strongly the ratio between mountain The different behaviour of orographic precipitation en-
and valley precipitation decreases with increasing valley prehancement in the limit of small and high precipitation rates
cipitation. For small values of valley precipitation, E4) ( implied by Eq. () is consistent with the physics of the
reduces to the simple linear relationship seeder-feeder process (Smith, 1979; Cotton and Anthes,
Pontn = a Pyal. ©) 19_89). If the non—orographic (seedir)g).pr_ecipitation is wg-ak

(Fig. 2a), orographic enhancement is limited by conversion.
As Py increases, but remains below the critical valRe  Only a small fraction of the condensate produced in the oro-
the ratio Pmin/ Pval decreases, and mountain precipitation asgraphic cloud is washed out. Increasing the seeding there-
given by Eq. {) becomes a parabolic function of valley pre- fore leads to a roughly proportional increase of precipitation
cipitation. Above the critical value, the relationship between at the ground. If the seeding rate is high (Fig. 2b), washout
Pyal and P is additive. For a given value of the parameter of condensate is very efficient, and orographic enhancement
a, an optimum value ob is computed from a given ratio of pecomes limited by condensation. An increase in the in-
long-term (inter-annual) precipitation totals at the mountaintensity of seeding does not lead to a proportional increase

which ensures continuity of slope &5=F.. Equation ()
can also be written

and valley stations of precipitation at the ground. The orographic effect is ba-
(Prmtr)ann sically additive in such a case. As shown analytically by
= Podam (4)  Haiden (1995) the critical seeding rate, above which the pro-

L ) L cess becomes limited by condensation rather than accretion
by minimizing the mountain precipitation root-mean-squareefﬁciency' increases with wind speed.

error (RMSE) when predicted by valley precipitation. Note
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ferent locations. Diamonds indicate points of minimal 12-h RMSE,
triangles indicate points of best reproduction of the annual total.

2000

4 Results and discussion

1500
In a first step, botlk andb were varied independently for

all station pairs. Interestingly it was found that the optimal
value ofa (as measured by mountain precipitation RMSE),
representing the precipitation enhancement for small precip-
itation amounts, differed little between pairs and could be
set to the location-independent value of 2.2 without signifi- 500 11
cantly increasing the RMSE. Thus we applied EL). \ith
a=2.2 to the 11-yr dataset, varying the coefficienthereby o L
obtaining different inter-annual ratio$. The resulting re- Hahnenkarm | Loferer Alm | Schivitenbahe | Feustkogel Rax
lationship betweemt andb is quite similar for all 5 station itzbihel Lafer ZellamSee | Grunden | Reichenau
pairs (Fig. 3), confirming the viability of the approach. The

similarity appears to be a result of the broadly similar precip-Fig. 4. Mountain station precipitation RMSE (top) and annual pre-

itation climate at the selected locations. The relationship carfipitation totals (bottom) for the cases of no elevation correction, for
be analytically fitted by using simplified version Eq3f, and for using the parameterization
Eqg. 1). Observed annual totals shown in black.

annual precipitation [mm]

1000

1 1
a(A-1 e ®)

wherec1=16.0 mm and:»=18.6 mm (12-h totals). Different version. Both error reductions are modest, amounting to only
values of» are found for a givem when instead of minimiz-  about 5-10% of the RMSE. More importantly, however, the
ing the 12-h RMSE, the condition of reproducing the long- Parameterization gives annual totals that are much closer to
term totals is prescribed (Fig. 3). Figure 4 shows the RMSEthe observed ones. Thus it is a useful method for distribut-
values and annual totals for using no elevation correctioning & given long-term average precipitation enhancement to
using the simplified version Eq3), and using the full pa- individual 12-h intervals.

rameterization Eq.1). The height correction generally gives  The parameterization does not cover events where the
an improvement compared to using none. The parameterizanountain station receives precipitation but the valley station
tion reduces the RMSE somewhat more than the simplifiedremains dry. This situation becomes increasingly likely for
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larger differences of altitude between the two stations, for
drier layers of air in-between, and for weaker precipitation
events. To further study this problem, we performed the anal-
ysis on an independent set of station pairs with vertical dis-  Annual precipitation 2005 [mm, reference
tances that deviate from the previous value of approximately
1000 m. These are Sobkl (1445 m) and Sankt Radegund
(725m), Villacher Alpe (2164 m) and Villach (494 m), and
Sonnblick (3105 m) and Kolm-Saigurn (1618 m). Note that
the parameters andb as well as the inter-annual precipi-
tation ratioA are again normalized to a vertical distance of
1000 m in all cases.

It was mentioned above that the coefficiant which
represents the elevation dependence for small precipitatior
amounts at the valley station, was found to exhibit smaller
variations tharb and was therefore set to a constant value.
This allowed the derivation of a parameterization based on +
a one-to-one relationship between the inter-annual ratio
and the parametédr. The specific value ofi=2.2 was cho-
sen to best satisfy the data of the five station pairs in Table 1.  annual precipitation 2005 [mm], from 24-h analyscs
However, the extension of the analysis to station pairs with
more widely varying vertical distances suggests significant
variations ofa as well. For station pairs with large vertical
distances, i.e. the Villacher Alpe and Sonnblick data sets, the
optimum values fou that minimize the mountain precipita-
tion RMSE are 6.4 and 30.4, respectively. Bothese values
are 3.7 and 50.1 mmt, implying a very large relative oro-
graphic enhancement for weak precipitation events and an
early transition to the additive part of relationship ED. &s
events get stronger. This suggests that cases with mountain

o o ‘
qnly precipitation become mcrgasmgly dominant as the ver- /? A 1% sl ||
tical distance between the stations increases. s — Caralfs e LI %

The above parameterization of elevation dependence iSOp  pitference 141
erationally used in the INCA system (Haiden et al., 2009),
which provides the meteorological input for flood predic-
tion models in Austria (Komma et al., 2007). The sys-
tem generates real-time 15-min and 24-h precipitation anal-
yses based on radar and surface station data. For appli
cation of the parameterization to duratiofis other than
12 h, precipitation value®p are normalized to their equiv-
alent 12-h amount#;» using square-root temporal scaling
P1o=Pp+/12/D. Figure 5 shows the annual precipitation
distribution of the year 2005 for the area of Salzburg, com-
puted by INCA in two different ways. No radar data has been ] L o T ||
used in order to simplify interpretation of the results. First, . /ﬁ‘j Py ", o L
annual precipitation totals observed at the stations were spa # ‘3‘
tially interpolated using the annual average elevation factor S o )
A derived from a climatological precipitation distribution of F19- 5- Areal precipitation distribution of the year 2005 in the
the area. Second, 24-h precipitation amounts observed at thsealzburg area Obtam?d by mterpolatmg observed annual tOt.als with
stations were spatially interpolated using Eds. 4nd 6), a chmatolo_gncally derived elevatlop depend_ence (top), obtained by

. accumulation of 24-h analyses with elevation dependence param-
and then accumulated over the year 2005. The comparisOerized according to Eqly (center), and the difference between
shows that the summation of the 24-h analyses reproducege two fields (bottom). Circles show station locations, black line
the annual precipitation distribution to within 5% in most ar- indicates the Austrian border.
eas. The largest underestimations (up to about 10%) occur
at mountain tops and ridges located in the primary northern
upslope belt.
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