1018

JOURNAL OF HYDROMETEOROLOGY

VOLUME 6

Geostatistical Mapping of Mountain Precipitation Incorporating Autosearched Effects

of Terrain and Climatic Characteristics

HuAaDE GUAN AND JOHN L. WILSON

OLEG MAKHNIN

Department of Mathematics, New Mexico Institute of Mining and Technology, Socorro, New Mexico

(Manuscript received 20 December 2004, in final form 30 March 2005)

ABSTRACT

Hydrologic and ecologic studies in mountainous terrain are sensitive to the temporal and spatial distri-
bution of precipitation. In this study a geostatistical model, Auto-Searched Orographic and Atmospheric
Effects Detrended Kriging (ASOADeK), is introduced to map mountain precipitation using only precipi-
tation gauge data. The ASOADeK model considers both precipitation spatial covariance and orographic
and atmospheric effects in estimating precipitation distribution. The model employs gauge data and a
multivariate linear regression approach to autosearch regional and local climatic settings (i.e., infer the
spatial gradient in atmospheric moisture distribution and the effective moisture flux direction), and local
orographic effects (the effective terrain elevation and aspect). The observed gauge precipitation data are
then spatially detrended by the autosearched regression surface. The spatially detrended gauge data are
further interpolated by ordinary kriging to generate a residual precipitation surface. The precipitation map
is then constructed by adding the regression surface to the kriged residual surface. The ASOADeK model
was applied to map monthly precipitation for a mountainous area in semiarid northern New Mexico. The
effective moisture flux directions and spatial moisture trends identified by the optimal multiple linear
regressions, using only gauge data, agree with the regional climate setting. When compared to a common
precipitation mapping product [Precipitation-elevation Regression on Independent Slopes Model
(PRISM)], the ASOADeK summer precipitation maps of the study area agree well with the PRISM
estimates, and with higher spatial resolution. The ASOADeK winter maps improve upon PRISM estimates.
ASOADeK gives better estimates than precipitation kriging and precipitation-elevation cokriging because
it considers orographic and atmospheric effects more completely.
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1. Introduction

Many hydrologic and ecologic studies recognize the
importance of characterizing the temporal and spatial
variability of precipitation (e.g., Goodrich et al. 1995;
Bindlish and Barros 2000). This variability is even
larger in mountainous regions because of complex to-
pography and orographic effects (Barry 1992; Oki et al.
1991; Sturman and Wanner 2001; Sotillo et al. 2003).
Orographic effects account for incoming moisture that
is forced to rise by the topographic height, leading to
more precipitation on the windward side, less precipi-
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tation on the leeward side, and more precipitation at
higher elevations [cf. Barros and Lettenmaier (1993,
1994) and Michaud et al. (1995) for details on oro-
graphic mechanisms]. Because of orographic effects
and other mesoscale climatic processes, the climate at
high elevations is usually quite different from that at
the low elevations, and thus is not captured by the
gauges located at the lower elevations. A lack of ad-
equate gauge stations at high elevations and precipita-
tion in the form of snow—very common in mountain-
ous regions during late fall, winter, and early spring—
further complicate data collection and synthesis.
Recently, radar has improved the estimation of spa-
tially distributed precipitation; however, beam block-
age, underestimation, and nondetection of precipitation
are significant problems in mountainous terrains
(Young et al. 1999). In addition, a reliable radar algo-
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rithm for estimating precipitation as snow is not yet
available. With their large topographic relief and gra-
dient, and water storage as snow and ice, mountain
hydrologic and ecologic systems are particularly sensi-
tive to climate variability and change (Diaz et al. 2003;
Beniston 2003).

Thus, a reliable precipitation mapping approach
based on a limited number of gauge data is still desired
for mountain areas. Various approaches have been ap-
plied to map precipitation from gauge observations.
They include 1) those ignoring spatial covariance struc-
ture and knowledge of precipitation processes (such as
orographic effects), for example, Theissen polygon and
inverse square distance (reviewed by Goovaerts 2000);
2) those considering precipitation spatial covariance
structures, for example, kriging (Phillips et al. 1992;
Goovaerts 2000); 3) those considering orographic and/
or atmospheric effects on precipitation occurrences, for
example, regression (Daly et al. 1994; Michaud et al.
1995; Goovaerts 2000; Drogue et al. 2002); and 4) those
considering both spatial covariance and terrain and/or
climatic conditions, for example, cokriging precipita-
tion with terrain elevation (Hevesi et al. 1992; Phillips
et al. 1992; Goovaerts 2000) and detrended residual
kriging (Phillips et al. 1992; Goovaerts 2000; Kyriakidis
et al. 2001). Goovaerts (2000) compared seven tech-
niques used to map monthly rainfall data for the Al-
garve region in Portugal and concluded that geostatis-
tical kriging methods are better than traditional simple
techniques (Theissen, inverse square distance, regres-
sion), and methods considering the secondary variables
further improved the predictions. Terrain elevation is
the most commonly used secondary variable incorpo-
rated in estimating precipitation, based on the physics
of orographic effects. However, Goovaerts (2000) also
found that the benefits of methods incorporating ter-
rain elevation depend on the correlation coefficient be-
tween precipitation and elevation. The author pro-
posed a threshold correlation coefficient of 0.75 for use-
ful precipitation-elevation cokriging. Asli and Marcotte
(1995) also reported that the introduction of secondary
information in estimation is worthy only for correlation
coefficient above 0.4. This would restrict the usefulness
of the terrain elevation in cases where the correlation
coefficient is low.

Terrain aspect, and its relationship to moisture
sources, also play a role in orographic effects, and thus
should be considered in precipitation estimates (Hutch-
inson 1973; Sturman and Wanner 2001; Sotillo et al.
2003). These effects increase the spatial variability of
precipitation on complex terrains, which is not captured
by low-spatial-resolution precipitation products. The
Precipitation-elevation Regression on Independent
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Slopes Model (PRISM) provides an approach to couple
both terrain elevation and aspect in estimating precipi-
tation (Daly et al. 1994). In PRISM the terrain is di-
vided into many topographic facets; in each facet the
terrain aspect effect is assumed constant. A precipita-
tion-elevation linear regression is constructed for each
facet as the precipitation predictor for digital elevation
model (DEM) grid cells in that topographic facet. As
required for a reliable regression function, each topo-
graphic facet must be large enough to include a re-
quired number of gauge stations (although there are
special algorithms to handle facets that cannot meet
this requirement). By doing this, PRISM screens out
the terrain aspect effects in its regression, which other-
wise should be considered but are very often ignored in
most other mapping approaches. More recently,
PRISM uses weighting functions to incorporate gauge
data of neighboring topographic facets for regressions,
which involves a sophisticated parameterization (Daly
et al. 2002). Sufficient regional climatic knowledge,
which is not always available, is required for the
PRISM weighting parameterization. In any event, the
resolution of the PRISM product has been limited by its
input DEM grid size (~6 km X 9 km) (Daly et al. 1994),
although recently PRISM provides products with a
resolution up to ~2 km using a filtering algorithm. In
other work, Basist et al. (1994) explicitly introduce el-
evation, slope (terrain steepness associated with the
prevailing wind), orientation (relationship between the
terrain aspect and the prevailing wind), and exposure
(distance between the gauge and the mountain to the
upwind direction of the gauge) into annual precipita-
tion regressions. Similar to PRISM, their approach re-
quires sufficient regional climatic knowledge and ap-
pears to apply for low spatial resolutions. Recently,
Brown and Comrie (2002) used stepwise multiple linear
regression for mapping winter temperature and precipi-
tation in Arizona and New Mexico, with a spatial reso-
lution of 1 km X 1 km. But the predictor variables are
complex.

In this study, we use a multivariate linear regression
approach conditioned on gauge data to autosearch re-
gional and local climatic settings (i.e., infer the spatial
gradient in atmospheric moisture distribution and the
effective atmospheric moisture flux direction) and local
orographic effects (the effective terrain elevation and
the effective terrain aspect). The regression function
captures the physical process effects leading to spatial
variability of precipitation on complex terrain; thus, it
should be useful for downscaling low-spatial-resolution
precipitation products (not explored in this paper). The
observed gauge precipitation data are then spatially de-
trended by the autosearched regression surface. The
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spatially detrended gauge data are further interpolated
by ordinary kriging to generate a residual precipitation
surface. The precipitation map is then constructed by
adding the regression surface to the kriged residual
surface. This approach is called Auto-searched Oro-
graphic and Atmospheric Effects Detrended Kriging
(ASOADeK) (Figure 1). ASOADeK produces high-
spatial-resolution precipitation maps explicitly incorpo-
rating terrain elevation and aspect, as well as climatic
setting, while considering spatial correlation structure
across the studied domain. In this paper, ASOADeK is
compared to precipitation kriging, precipitation-eleva-
tion cokriging, and PRISM estimates for the long-term
monthly average precipitation of a study area in north-
ern New Mexico.

2. Methodology

a. Study area

The study area covers three National Climatic Data
Center (NCDC) climate divisions (Fig. 2; DEM +
weather stations) in northern New Mexico, with divi-
sion 2 as the primary focus (Fig. 2a). Division 2 is
mainly mountains (e.g., Sangre de Cristo Mountains)
and intermountain valleys. The elevation ranges from
1290 to 3887 m according to the 1-km-resolution DEM
map (Fig. 2b), which was resampled from a 60-m-
resolution DEM (EDAC 1996). Altogether 74 NCDC
weather stations that have at least 10-yr data available
in the period of 1931-2003 and 9 snowpack telemetry
(SNOTEL) stations with data available in the period of

ASOADeK |«

Input: gauge precipitation, DEM

I P-X,Y,Z,coso,sina regressions I

]

Optimal window size for effective elevation and slope aspect

Dominant effective moisture flux direction

Gradient in atmospheric moisture distribution

I

Precip residual at gauges =

Optimal regression estimated
precipitation field

.J|]=.

I Precipitation residual field

‘—[ Final precipitation map ]

FI1G. 1. Flow chart of the ASOADeK model.

P_observation — P_regression

v

Je—— Ordinary kriging |

JOURNAL OF HYDROMETEOROLOGY

VOLUME 6

o 2z

a8 8 858 8 8 3 8

Weather stations

Duration of monthly precip. data of Division 2 gauges

F1G. 2. Index map showing (a) the three climate divisions in
New Mexico, (b) a division 2 DEM map with weather stations
(asterisks are SNOTEL stations), and (c) the period of available
data.

1980-2003 are used in this study. The SNOTEL system
collects snowpack and related climatic data in the west-
ern United States. It is operated and maintained by the
National Resource Conservation Service. The duration
of the available data (NCDC and SNOTEL) is shown in
Fig. 2c. Division 5 is the central valley along the Rio
Grande rift, and division 6 is the central highlands. The
mean annual precipitation, estimated as the averages of
available long-term records, is 440, 240, and 410 mm for
divisions 2, 5, and 6, respectively. We chose division 2 as
the primary study area because it is mostly mountain-
ous terrain, which is appropriate to test ASOADeK for
mountain precipitation mapping.

b. Autosearching effective terrain and climatic
characteristics

Because of orographic effects the long-term average
precipitation (P) is usually well correlated with the ter-
rain elevation (Z). However, it should be noted that
due to complex climatic processes, such as channeling
and convergence, simple positive P-Z correlation does
not always hold. It has also been noticed in other stud-
ies that the optimal correlation elevation is not neces-
sarily the point elevation, but more often is the effective
elevation of a larger area (called the window) surround-
ing the observation point (Daly et al. 1994; Kyriakidis
et al. 2001). The window usually has a square shape. In
this study, the window for each gauge is located by
comparing the gauge coordinate with the DEM maps of
different pixel sizes generated by the ESRI (Redlands,
California) ArcMap GIS tool.
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Elevation is not the only orographic factor influenc-
ing precipitation; the terrain aspect may also play a
role. Orographic effects depend on both terrain char-
acteristics and the moisture flux direction (e.g., Oki et
al. 1991; Sturman and Wanner 2001; Sotillo et al. 2003),
the latter varying with season. It is difficult to distin-
guish terrain effects in annual precipitation because the
effects of different seasons lump together and partially
(or even completely) obscure these effects. Nonethe-
less, it is reasonable to assume that the mean moisture
flux direction does not change much within a short pe-
riod in the year (e.g., a month). In this short period, the
moisture flux-related terrain aspect effects on precipi-
tation should be detectable and can be used to improve
precipitation estimates. In this event, just as effective
elevation has an optimal window size, the terrain aspect
must also have optimal window sizes demonstrating ef-
fective orographic effects. The optimal window size is
determined from the best regression that has a mini-
mum residual of the regression estimates with respect
to the gauge observations.

Obviously, the availability of atmospheric moisture
controls the precipitation distribution. If the moisture
flux entering the study area is spatially inhomogeneous,
so too will be the precipitation distribution transverse
to the flow path. Our model simplifies this process, rep-
resenting only a linear spatial gradient in moisture and
precipitation (across the flow path). If, on the other
hand, the atmospheric moisture depletes enough to
cause different precipitation along the flow path, this
also leads to a spatial gradient in precipitation distribu-
tion. We consider both of these processes together, al-
though they can be separated using the inferred mois-
ture flux direction (see section 4). In this paper, the
atmospheric moisture gradient orientation is defined as
0° if it is wetter in the north, increasing clockwise, and
180° if it is wetter in the south. Like moisture flux di-
rection, moisture gradient is inferred from the regres-
sion of gauge data, without reference to other data
sources.

ASOADeK considers the terrain elevation, the rela-
tionship of moisture flux direction and terrain aspect,
and the spatial gradient of moisture distribution as in-
dependent variables for precipitation estimates. In or-
der for the effects of these variables to be automatically
inferred through regression, they are explicitly intro-
duced in the regression function (1). Above-sea-level
terrain elevation (Z) in kilometers is used in this study.
Since, the effect of terrain aspect (a) works together
with moisture flux direction (w), they are included to a
cosine function, cos(a — w). The aspect is defined as
the direction of the slope orientation, 0° to the north,
increasing clockwise, and 180° to the south; w is the
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source direction of moisture flux, 0° from the north,
increasing clockwise, and 180° from the south. The uni-
versal transverse mercator (UTM) easting (X) and
northing (Y) of the precipitation gauges, with a unit of
kilometers, are used to search the spatial gradient in
atmospheric moisture:

P=by+ b, X+ b,Y+ byZ+ bycos(a — w).
Equation (1) can be further transformed to
P=>by+ b X+ b,Y + bsZ + bscosa + bg sina,

)
where bs = b, cos w and bg = b, sin w implicitly contain
the moisture flux direction. With this equation, the el-
evation effect is autodetermined by bs; the spatial gra-
dient in atmospheric moisture is autodetermined by b,
and b,; and the moisture flux—dependent aspect effect is
autodetermined by bs and bs. The effective moisture
flux direction itself can be retrieved from b5 and bg. For
example, if b5 and b, are both positive, w = atan(b/bs).
Similarly, the gradient in atmospheric moisture can be
retrieved from b, and b,. Five window sizes for terrain
aspect and terrain elevation are considered for each
month in the linear regression. The regression with the
least mean absolute error (MAE) gives the optimal
window sizes for orographic characteristics, and the ef-
fective dominant moisture flux direction, as well as the
gradient in moisture distribution. The statistical signifi-
cance of each variable in the regression is evaluated by
analysis of the regression variance (ANOVA). These
multiple linear regression procedures are the first com-
ponents of ASOADeK model (Fig. 1).

ey

c¢. Precipitation mapping procedure

1) CONSTRUCT THE OPTIMAL REGRESSION
PRECIPITATION MAP

The regression precipitation map is constructed from
the coefficients of the optimal regression function as
determined in last section (i.e., known b, b,, b,, bs, bs,
and bg), and from the terrain elevations and aspects
(i.e., X, Y, Z, a; all derived from a DEM) of the optimal
window sizes. Since the optimal window size for the
terrain elevation may be different from that for the
terrain aspect, the regression precipitation map has a
spatial resolution of the smaller window size. In this
study long-term-average monthly precipitation maps
were constructed. The optimal regression of significant
terrain and climatic characteristics is our first-order es-
timate of monthly precipitation.

2) CONSTRUCT THE PRECIPITATION RESIDUAL MAP

From the optimal regression, and the determined ef-
fective orographic windows, the residual (P

observation
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Pregression) 18 calculated for each gauge. These precipi-
tation residuals represent the spatial precipitation
variability that is not covered by the deterministic re-
lationship represented in the regression functions. The
precipitation residual map can be constructed using or-
dinary kriging. In this study, Geostatistical Software Li-
brary (GSLIB) routines (Deutsch and Journel 1998)
were used to calculate the experimental variograms of
the precipitation residuals, and to construct the residual
maps. The residuals are punctual at respective gauge
locations and can be kriged to generate a residual map
of any resolution. However, the information on the
kriging map depends on the data availability. It is not
necessary to use too high a resolution given the sparse
gauges. Usually, the residual map has the same pixel
size as the regression precipitation map. In geostatistics
this procedure is called detrended kriging (also residual
kriging) because the regression removes the trend at-
tributed to the deterministic effects of climatic and oro-
graphic factors, leaving the residual as a near-random
variable. Detrended kriging is the second component of
the ASOADeK model. In this paper the variogram
models were fitted to the calculated variograms manu-
ally (although this step can also be automated using,
e.g., a maximum likelihood approach).

3) CONSTRUCT THE FINAL PRECIPITATION MAP

The final monthly precipitation map is obtained by
adding the kriged residual map and the regressed pre-
cipitation map (Fig. 1).

d. ASOADeK model testing

Other geostatistical approaches, such as ordinary
kriging of observed precipitation and cokriging of pre-
cipitation with terrain elevation, are also applied to the
same data and compared to ASOADeK estimates. The
theory of kriging and cokriging of precipitation is well
demonstrated in the literature (Hevesi et al. 1992; Goo-
vaerts 2000; Kyriakidis et al. 2001) and is not described
here. Cross validations are done to evaluate the perfor-
mance of ASOADeK and other geostatistical ap-
proaches. “In cross validation actual data are dropped
one at a time and re-estimated from some of the re-
maining neighboring data. Each datum is replaced in
the data set once it has been re-estimated” (Deutsch
and Journel 1998). For kriging and cokriging, cross vali-
dation is done in the kriging processes. For ASOADeK,
cross validation is done from regression through kriging
processes, with an assumption that the monthly vari-
ogram models do not change with one datum dropped
out.

The PRISM monthly mean precipitation product is
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F1G. 3. Pearson correlation coefficient of mean monthly precipi-
tation and the terrain elevation of various window sizes for NCDC
New Mexico divisions (a) 2, (b) 5, and (c) 6 individually, and (d)
lumped together (division 2 includes both NCDC and SNOTEL
stations).

also compared to ASOADeK. The PRISM data are
downloaded from Spatial Climate Analysis Service
(2003). The PRISM data were estimated from the av-
erage monthly precipitation over 30 yr from 1971 to
2000, with a spatial resolution of about 4 km. PRISM is
not included in the cross validation, as the necessary
information to perform an equivalent and full cross
validation is not available.

3. Results

a. Correlation of precipitation and terrain elevation

We calculated the Pearson correlation coefficients
for mean monthly precipitation and elevation, using the
point elevation for each gauge and the effective DEM
elevations for five different window sizes around each
gauge (Figure 3). The various-resolution DEM maps
for the windows were derived from a 60-m DEM map
using the ERDAS (Atlanta, Georgia) image-processing
tool. The P-Z correlation is high in the winter months
for the mountainous terrain of division 2. If we adopt a
correlation coefficient of 0.75 as the threshold for
meaningful cokriging P with Z, cokriging in division 2
should only be attempted for a few months. For the
central highlands of division 6, the P-Z coefficient is
high for all but April and May. The correlation is low
for the central valley division 5, where the terrain is
relatively flat. The best effective elevation windows,
maximizing correlation, vary between months for divi-
sions 5 and 6, while the effective elevation is not sen-
sitive to the window size for division 2. Combining all
three divisions compensates for opposing high and low
correlations, losing information for geostatistical esti-
mation. Cokriging P with Z, using the combined data of
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the three divisions, which has a combined P-Z relation-
ship different from that for each division, would lead to
biased estimates for precipitation.

b. Regression of precipitation with terrain and
climatic characteristics

Since the effective elevation is not sensitive to win-
dow size in division 2, we used a 1-km DEM elevation
window in the following regression analyses of division
2 precipitation gauge data. For more general situations,
cross-combinations of different window sizes for eleva-
tion and terrain aspect should be tested. The tested
regressions included precipitation—elevation (PZ: P =
by, + bs Z), precipitation—elevation and aspect (PZA:
P = by, + by Z + bs cos a + b, sin a), precipitation-
elevation, aspect, and spatial gradient of atmospheric
moisture (PZAXY: P =by+ b, X + b, Y + by Z + bs
cos a + by sin «). PZAXY is the ASOADeK regression
of this paper. The results are shown in Fig. 4 and Tables
1 and 2, and are reported below. The general trend is
that compared to the PZ regression, adding aspect im-
proves the regression fitting and adding both terrain
aspect and atmospheric moisture gradient further im-
proves the regression fitting (Fig. 4). The relative im-
portance of the three properties varies with months
(Table 1; note the ANOVA F statistics). For winter
months (November through April), both terrain eleva-
tion and aspect significantly influence the precipitation
distribution. For summer monsoon months (July and
August), elevation, terrain aspect, and the spatial gra-
dient of atmospheric moisture all play a role in the
precipitation distribution. For the first transition
months (May and June), elevation is not an important
factor for precipitation processes. For the second tran-

opz: P=bo+bs:Z
OPZA:  P=bo+b3Z+bscosc +hssinc
B PZAXY: P=bo+b1X+b2Y+b3Z+bscos0. +bssinc.
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FIG. 4. Mean squared error of various precipitation (P)
regression estimates for division 2.
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TABLE 1. The R? values and F statistical test of ANOVA for
significance of various orographic and atmospheric properties in
precipitation regressions. For each regression type a boldface F
statistic indicates that the variable or variables are significant for
that month. Note that the data in the second column of each
regression are ratios of mean of squares for regression due to the
interested variables to mean squared error; F%% is the critical
threshold of 99.5% confidence level, above which adding the vari-
able in regression is significant.

Regressions Pz PZA PZAXY
Month R* (%) Z  R*(%) Aspect R*(%) X,Y
1 47 72.39 59 11.25 65 7.36
2 53 90.67 63 10.41 67 4.75
3 55 99.06 62 6.87 63 1.15
4 60 119.68 65 6.29 67 2.42
S 8 7.43 36 16.67 76 62.87
6 2 1.74 31 16.39 65 37.25
7 11 10.22 34 13.74 62 27.79
8 27 30.43 42 10.30 58 13.76
9 18 18.13 25 3.28 34 5.30
10 40 54.55 48 5.51 53 4.87
11 47 71.53 54 6.16 55 1.19
12 49 78.14 60 10.26 65 5.79
0005 8.33 5.67 5.68

sition months (September and October), the elevation
is the only factor significantly influencing precipitation
distribution. The ASOADeK regression was examined
for heteroskedasticity. Some heteroskedasticity was ob-
served for winter months, suggesting nonlinear rela-
tionships between precipitation and the predictors for
these months.

The optimal window size for effective terrain aspect
in PZAXY regression varies from 3 to 9 km, depending
on the month, but is mostly around 5 km (Table 2). This
is much smaller than the topographic facet used in
PRISM (Daly et al. 1994). The effective moisture flux
direction, retrieved from PZAXY regressions, varies
with time, from southwesterly and southerly in winter,
transitioning to southeasterly and southerly in sum-
mer (column 3 in Table 2). The regression identified
atmospheric moisture gradient also varies with month,
suggesting different atmospheric moisture characteris-
tics in the study area through the year. Also note that
the wetter direction is not necessarily upwind (see sec-
tion 4).

ASOADeK regression results for three selected
months (February, May, and August) are shown in Fig-
ure 5, with comparison to PRISM estimates. Of the
three months, February represents the winter season,
August is in the summer monsoon season, and May is a
transition month in between and has weak elevation-
correlated monthly precipitation. Even without the
next step of detrend kriging of the residual, the
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TABLE 2. The parameter values of the optimal linear regressions of monthly precipitation from ASOADeK for division 2
(P=by+b X+ b, Y+ by Z + bscos a + bgsin a).

Moisture Mean

Aspect flux Moisture MAE/P precipitation
Month window direction* gradient™* b, b, b, b, bs b MAE (%) (mm)
1 9 km 213 298 —145.73 —-0.062  0.033 27.631 —6.093 —4.009 6.71 29 23.48
2 5 km 198 295 —-137.11 -0.058  0.027 33423 —6.789 —2.188 7.3 31 23.08
3 5 km 186 279 -80.43 —0.037  0.006 43.788 —9.095 —0.942 9.22 29 31.42
4 5 km 180 60 —136.44  0.035  0.020 29.854 —5361 -0.018 590 20 29.52
5 3 km 174 86 -9382  0.144  0.009 13.830 —5.150  0.516  5.37 14 38.54
6 3 km 136 121 24794 0122 -0.073 9995 —-2297 2223 570 17 32.97
7 3 km 156 134 54210 0155 —0.151 26.007 —7.683  3.499 892 14 64.91
8 9 km 172 145 51329 0100 —0.142 35505 -11.946 1.624 10.38 14 74.59
9 5 km 172 154 27215 0.035 -0.071 16.714 —5138  0.686  7.06 17 42.60
10 5 km 182 195 181.05 —0.012 —0.047 19227 —4427 —0.147 543 16 33.94
11 5 km 180 281 —58.72 —0.047  0.009 29.527 5487 -0.016 7.77 31 25.46
12 5 km 191 273 —29.08 —0.062  0.003 28428 —5369 —1.046 6.37 28 2251

* The incoming direction of the moisture flux, 0° from the north, increasing clockwise, and 180° from the south.
** The upgradient direction of the moisture spatial gradient, 0° from the north (i.e., wetter in the north), increasing clockwise, and 180°

from the south.

ASOADeK regression shows estimating capacity close
to that of PRISM, especially for May.

c¢. ASOADeK precipitation maps

At each gauge location, the detrended residual was
calculated by subtracting the regression value from the
gauge measurement. The semivariograms were con-
structed for the residuals and fit with standard models
(Figure 6) and were used to perform residual kriging.
Adding kriged maps of the detrended residual to the
regression maps leads to the final ASOADeK precipi-
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Fi1G. 5. Comparison of (top) ASOADeK (PZAXY) regression
estimates to (bottom) PRISM estimates for three selected months
in division 2. The x axis is the observed mean monthly precipita-
tion, and y axis is model estimates. Cross legends represent
NCDC stations, and circles represent the SNOTEL stations. The
number inside each panel is the correlation coefficient between
the estimates and the observations.

tation maps. Final ASOADeK maps for each of three
selected months are compared to PRISM precipitation
maps in Figure 7. The spatial patterns of precipitation
maps from the two approaches agree well. Regarding
the estimated precipitation values, ASOADeK esti-
mates for August are consistent with PRISM. For Feb-
ruary, ASOADeK gives lower precipitation estimates
at the locations with large PRISM precipitation rates.
For May, ASOADeK consistently underestimates pre-
cipitation compared to PRISM. We also constructed
the annual precipitation map by summing all 12-month
precipitation maps (not shown). The mean annual pre-
cipitation for division 2 from the ASOADeK map is
~445 mm (the PRISM map ~460 mm), in good agree-
ment with the arithmetic average of all observations
(NCDC + SNOTEL) in the division (440 mm). This
suggests that for division 2, the distribution of current
gauges (including both SNOTEL and NCDC stations)
captures the influence of topography on mean precipi-
tation in the division. However, the mean of only the
NCDC stations, 410 mm, significantly underestimates
it. One advantage of the ASOADeK (and other krig-
ing-based approaches) is that it can be used to estimate
map uncertainty. They are calculated as the sum of
regression variance and the kriging variance. The
squared roots of the total variance for the three subject
months are shown in Figs. 7a—c.

d. Cross validation

Since all gauge data have been used in the regres-
sions, a good fit to the data does not necessarily indicate
a good predicting capacity. In addition, the comparison
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FI1G. 6. Semivariograms of precipitation residuals for three se-
lected months: (a) Feb, (b) May, and (c) Aug. Note that zero
nuggets for some months (Feb and Aug) are a consequence of the
semivariogram fitting method, not necessarily representing zero
measurement error.

of the kriging estimates with the observed data used
for kriging does not tell how good the estimates are.
An extreme example is that zero-nugget semivario-
gram models would exactly give the observation values.
Cross validations were thus conducted for various
precipitation estimators, with results shown in Figs. 8
and 9 for three months (February, May, and August).
It is not possible with available information to per-
form cross validations for PRISM in this study. For
ASOADeK and other precipitation estimators (P krig-
ing, P-Z cokriging, PZ regression, ASOADeK regres-
sion-only) tested in this study, the performance varies
between months. For February and May, the ASOADeK
regression works better than the precipitation kriging,
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P-Z cokriging, and PZ regression (Fig. 9 only). For
August, the ASOADeK regression is better than PZ
regression (Fig. 9 only), but poorer than P kriging and
P-Z cokriging. For May, which has a weak P-Z corre-
lation, precipitation kriging gives better estimates than
P-Z cokriging, which is consistent with other studies
(Goovaerts 2000). For all months, ASOADeK esti-
mates, which include both the ASOADeK regression
and the kriged residual, are best.

4. Discussion

a. ASOADeK autosearching regional climate
setting and local orographic effects

Long-term average precipitation is controlled by the
regional climate setting and local conditions. In moun-
tain regions, orographic effects have the strongest in-
fluence on precipitation distribution, as once again
demonstrated in our study area (Table 1). Most pre-
cipitation mapping approaches only consider terrain el-
evation, which alone is not sufficient to represent the
orographic effects. In our study area (division 2), P-Z
correlation is very low for May and June, and low for
monsoon months (Fig. 3), indicating elevation is not the
dominant orographic factor for these months. In ad-
dition to elevation, ASOADeK explicitly introduces
terrain aspect, moisture flux direction, and the atmo-
spheric moisture gradient into the multivariate linear
regression of gauge data, autosearching effective oro-
graphic and atmospheric characteristics for precipita-
tion mapping, including effective orographic window
sizes. These considerations significantly improve the
precipitation estimates (Table 1; Fig. 4).

How well does the ASOADeK-identified moisture
flux direction match the local climate setting? Two sea-
sons typify the climate in the study area: the summer
monsoon and winter storms. Although there is no
settled scientific opinion about the moisture source of
the North American monsoon (reviewed by Sheppard
et al. 2002), it is agreed that the moisture (either from
the Gulf of California or the Gulf of Mexico) for mon-
soon precipitation in the southwestern United States is
developed over Mexico (e.g., Carleton 1986; Fawcett et
al. 2002; Bosilovich et al. 2003). In other words, in sum-
mer monsoon months, the dominant moisture flux in
the northern New Mexico study area is southwesterly.
Monsoon precipitation is joined by local recycling of
moisture as an additional source (Bosilovich et al.
2003). There are also occasionally nonmonsoonal sum-
mer precipitation events. Some of these events are
caused by easterly atmospheric moisture flux (NOAA
2004). The effective moisture flux directions, deter-
mined by ASOADeK (Table 2; see PZA columns in
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FI1G. 7. (second row) ASOADeK-constructed mean monthly precipitation maps (mm) of division 2, with a spatial resolution of 1 km.
(top row) The respective estimate error (square root of the sum of regression variance and kriging variance) maps. (third row) The
PRISM estimates with a spatial resolution of ~4 km. (bottom row) The scatterplots between the ASOADeK products and resampled
PRISM products. (a), (d), (g), (j) Feb; (b), (e), (h), (k) May; (c), (f), (i), (I) Aug. The number listed on the scatterplot is Pearson
correlation coefficient of the two estimates. Since kriging variance contributes most of the total uncertainty, the ASOADeK estimate
error inherits the pattern of the kriging variance. The smallest errors occur at the gauge locations, with a smaller propagation radius
in May due to smaller range, and a bigger radius and range in Aug (Fig. 6).

Table 1 for significance), are SSE and S, for July and
August, respectively, which is apparently the mixture
of the southwesterly and easterly moisture fluxes.
For winter months, most of time, Pacific moisture en-
ters North America at latitudes well north of the study
area, leading to dry weather in this area (Sheppard
et al. 2002). “More favorable conditions for winter
precipitation in the Southwest exist when the Pacific
high shifts westward and a low pressure trough forms
over the western United States, allowing Pacific storms
to enter the continent at lower latitudes...” (Wood-
house and Meko 1997). Thus, the dominant mois-
ture flux of winter months at the study area is south-
westerly (Sellers and Hill 1974). This is more or less
captured by ASOADeK, which infers southwesterly to

southerly moisture flux direction for the winter months
(Table 2).

Now, let us look at the spatial gradient of atmo-
spheric moisture in the study area. If the moisture flux
homogeneously enters the whole study area, the only
gradient would be due to depletion of atmospheric
moisture. The direction of the spatial gradient caused
by depleted atmospheric moisture would then agree
with flux direction, that is, more precipitation in the
upwind direction of incoming moisture flux. A signifi-
cant atmospheric moisture gradient that is in disagree-
ment with the effective moisture flux direction sug-
gests either that the entering moisture flux only covers
a part of the study area or that there are two or more
dominant moisture fluxes in the month. The ANOVA
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FiG. 8. Cross validation of precipitation kriging, P-Z cokriging,
ASOADeK (PZAXY) regression, and ASOADeK estimates for
three selected months, representing different seasonal climates.
The x axis is the observed mean monthly precipitation, and the y
axis is model estimates. Cross legends represent NCDC stations,
and circles represent SNOTEL stations, for division 2. The num-
ber inside each panel is the correlation coefficient between esti-
mates and the observations.

analyses of ASOADeK regressions suggest that atmo-
spheric moisture gradient is not important for most
winter months and is only slightly significant for De-
cember and January (Table 1). In these months, the
ASOADeK-determined spatial moisture gradient is
from the west to the east (drier in the east), almost
orthogonal to the monthly effective moisture flux di-
rection also determined by ASOADeK (Table 2).
Whether or not this represents an actual physical pro-
cess requires further study. For the monsoon months,
the moisture spatial gradient is close to the effective
moisture flux direction, but still deviates by about 20°
(Table 2). This is because there are two circulation pat-
terns that bring moisture for showers and thunder-
storms over New Mexico (NOAA 2004). For the pre-
monsoon months (May and June), the moisture spatial
gradient is the most significant factor influencing the
monthly precipitation distribution in the study area
(Table 1). In May, the moisture spatial gradient from
ASOADeK is orthogonal to the effective moisture flux
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FI1G. 9. Normalized mean absolute error of cross validations for
various precipitation estimators in division 2.

direction (Table 2). This is because in late spring, a
northward low-level moisture flux migrates into the
central United States from the Gulf of Mexico, causing
a westward decreasing trend in May precipitation
throughout the central and western United States
(Mock 1996; Higgins et al. 1996, 1997). This low-level
moisture flux touches the eastern edge of the study
area, leading to an eastward moisture gradient (Table
2). ASOADeK successfully captures this climate pat-
tern, and at the same time detects the southerly effec-
tive moisture flux direction as well. This northward
movement of moisture provides a source for precipita-
tion in the study area, indicated by the higher monthly
precipitation in May than in April and June. It appears
from this discussion that, in sufficiently mountainous
terrain, and using gauge data alone, the ASOADeK
algorithm can be used to infer the effective moisture
flux direction and the spatial gradient of atmospheric
moisture where the regional climate setting is otherwise
unclear.

From the ANOVA analysis (Table 1), orographic ef-
fects of both terrain elevation and terrain aspect are
significant for precipitation during winter and monsoon
months. In the transition months, only one factor, ei-
ther elevation or terrain aspect, plays a significant role.
More work is required to reveal whether this is the
result of different precipitation processes.

b. ASOADeK versus PRISM

Both ASOADeK and PRISM consider terrain aspect
in precipitation estimation, but in different ways. In
early versions of PRISM the terrain aspect effect is
screened out in each topographic facet (Daly et al.
1994). In more recent versions, the aspect effect is de-
scribed by a weighting function for P-Z regression
(Daly et al. 2002). The physical mechanism is not well
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represented. To determine an appropriate weighting
function, sufficient knowledge of regional and local cli-
mate is needed. In ASOADeK, the terrain aspect effect
is explicitly associated with the effective dominant
moisture flux direction, well representing the physical
mechanism. The moisture flux—dependent aspect effect
is also autodetermined in ASOADeK regression with-
out background climate knowledge. Both ASOADeK
and PRISM consider the spatial gradient of atmo-
spheric moisture in estimating precipitation distribu-
tion. In PRISM, this is achieved by a weighting function
in the P-Z regression based on distance to the moisture
source (Daly et al. 2002). The distance to the moisture
source is ambiguous because the moisture flow path is
often tortuous. In addition, for a study area far away
from the ocean, the effect of this variable becomes nu-
merically negligible. In ASOADeK, the moisture gra-
dient is automatically searched in high spatial resolu-
tion. This allows ASOADeK to represent the actual
atmospheric spatial moisture trend in the area of inter-
est, rather than tie it to a distant ultimate source of
moisture. Regarding spatial resolution, PRISM de-
pends on input DEM resolutions, currently about 4 km,
while ASOADeK depends on the minimum of optimal
window sizes for various orographic variables from the
multivariate regressions. When effective elevation win-
dow size is nonsensitive to P—Z correlation, such as
division 2 in this study, high-spatial-resolution precipi-
tation maps can be obtained by prescribing a small win-
dow size for the effective terrain elevations used in the
ASOADeK model. Regarding the mapping area,
PRISM has been used to estimate precipitation in most
areas of northern America, and for all topography
types. The current version ASOADeK, however, is
used to estimate precipitation for a mountainous area
with more or less spatially consistent regional climate
settings.

Of the three focused study months, the scatterplots
(Figs. 7j-1) show that the ASOADeK monthly precipi-
tation estimates agree well with PRISM for August.
However, the February and May estimates for the two
models differ. This suggests that either ASOADeK un-
derestimates, or PRISM overestimates, precipitation
for these months, or both. Let us focus on May first.
That PRISM appears to slightly overestimate most of
the May precipitation is clearly observed in Fig. 5. The
fairly good cross validation of ASOADeK May pre-
cipitation (Fig. 8) also suggests that the difference be-
tween the two model estimates for May precipitation is
due to PRISM overestimates. The ANOV A analysis of
ASOADeK regression indicates that atmospheric mois-
ture gradient and terrain aspect are two major physical
factors for May precipitation distribution. Terrain el-
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evation is not a significant predictor of precipitation in
this month (Table 1). This makes the PRISM model
(precipitation elevation regression) problematic for this
month. In addition, the window size of effective terrain
aspect, inferred from ASOADeK regression, is 3 km
for May (Table 2), far smaller than the topographic
facet of the PRISM model. Let us compare to August,
for which PRISM and ASOADeK are in good agree-
ment. The August P-Z correlation is significant (Fig.
3), and the effective terrain window size (9 km) is large
(Table 2), apparently contributing to the good agree-
ment between the two models.

Does PRISM also overestimate February precipita-
tion? To answer this question, we have to exclude some
other causes for the apparent PRISM overestimates of
February precipitation shown in Figs. 5 and 7. First, the
apparent overestimates could be because the time pe-
riods of observation data for PRISM estimates and
those for the estimates in this study are not identical.
Both PRISM and our estimates are based on long-term
average, that is, 30 yr for PRISM from 1971 through
2000 and 11-73 yr for our estimates between 1931 and
2003. Comparison of the long-term averages of 1971—
2000 to those of available records in the whole time
range does show some difference, but not big enough to
explain the apparent PRISM overestimates for Febru-
ary shown in Fig. 5. Besides, some PRISM overesti-
mates happen at weather stations where both methods
share almost the same data period of 1971-2003. Sec-
ond, the apparent PRISM overestimates may be an ar-
tifact of the dataset’s elevation range. The elevation of
weather stations (1694~3389 m) does not cover the full
elevation range of the study area (1290-3887 m), espe-
cially with about 500 m of the higher-end elevation
range missing any weather stations. Orographic effects
at the high elevations probably deviate from those es-
timated from the lower elevations. PRISM applies a
prescribed universal P-Z regression function for the
high elevations where observations are lacking, while
no adjustments have been done in ASOADeK. This
could explain the difference between PRISM and
ASOADeK in Fig. 7, but does not tell which gives bet-
ter February estimates. The prescribed P-Z function in
PRISM is not derived locally and may not represent the
situation for our study area.

That ASOADeK underestimates higher February
monthly precipitation values is observed in Fig. 8, but
the underestimates are all at SNOTEL sites. The loca-
tion with the most severe ASOADeK underestimate is
SNOTEL site Hopewell. This site has a point elevation
of 3048 m, but has a larger monthly precipitation rate
for winter months than a higher 3389-m-elevation
SNOTEL site, Wesner Spring. Hopewell is an outlier
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site that is not explained by our modeled orographic
effects, or represented by other geostatistical ap-
proaches (Fig. 8). If this outlier is excluded, ASOADeK
estimates look much better for this and other winter
months. PRISM, however, predicts the precipitation at
this location well, but overestimates at quite a few other
locations (Fig. 5). We suggest that the apparent winter
PRISM overestimates at these locations—winter here
is not just February, for they occur from November
through March (not shown)—are due to the nonlocal
vertical extrapolation adjustment. This adjustment in
PRISM is better for the monsoon months, as shown in
Fig. 5 and in the scatterplot for August (Fig. 7).

Even removing the outlier in Fig. 8, we cannot ex-
clude that ASOADeK underestimates monthly precipi-
tation at some locations. Besides the outlier, the cross-
validation results suggest that ASOADeK still slightly
underestimates at a couple of observations for Febru-
ary, and one for August (Fig. 8). The linear regression
employed in ASOADeK may not capture the precipi-
tation distributions of the whole elevation range and
could be improved by using nonlinear regressions. Of
course, the above analysis is based on an assumption
that the gauge data (both NCDC weather stations and
SNOTEL stations) give unbiased measurement of pre-
cipitation amount.

c. ASOADeK versus other geostatistical approaches

Precipitation kriging only considers spatial covari-
ance structure of the precipitation distribution; it does
not capture the orographic effects. For February when
P-Z correlation is high, precipitation kriging gives poor
estimates (Figs. 8 and 9), while for May and August,
when P-Z correlation is low, precipitation kriging gives
fair estimates (Figs. 8 and 9). The P-Z cokriging con-
siders both precipitation spatial covariance structures
and partial orographic effects and is often used to map
mountainous precipitation (e.g., Hevesi et al. 1992;
Goovaerts 2000). However, cokriging requires high
P-Z correlation, and the mathematical procedure for
cokriging is more complex. For May with a low P-Z
correlation, P-Z cokriging gives poor estimates (Figs. 8
and 9). Comparing MAE of precipitation kriging and
P-Z cokriging, cokriging gives poorer estimates than
kriging for all three closely studied months (Fig. 9).
This supports the 0.75 threshold of P-Z correlation co-
efficient for useful cokriging, such as suggested by
Goovaerts (2000). For annual average precipitation
in which the different terrain aspect effects of the vari-
ous months are compensated for via trade-off, P-Z
cokriging may become a good tool for precipitation
mapping in the mountainous regions (e.g., Hevesi et al.
1992). For February and May, ASOADeK regressions
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(i.e., without kriged residuals) give better estimates
than kriging and cokriging, while for August,
ASOADeK regression (PZAXY) does not outcompete
precipitation kriging and P-Z cokriging estimates (Figs.
8 and 9). This is probably because summer storms occur
more randomly in space with more local moisture re-
cycling, and are more difficult for the regressions to
capture. Adding its second component (i.e., detrended
kriging of residuals), ASOADeK gives better precipi-
tation estimates than precipitation kriging and cokrig-
ing for all months (Figs. 8 and 9). This is reasonable
because kriging considers only the spatial covariance
structures of the precipitation gauge data, while
ASOADeK considers both the covariance information
and the physical processes that influence precipitation
distribution. Although P-Z cokriging incorporates the
secondary information in addition to the spatial covari-
ance of the precipitation gauge data, it does not include
all the orographic and atmospheric effects on the pre-
cipitation distribution that are embedded in the
ASOADeK model. Theoretically, all these orographic
and atmospheric effects can also be included in cokrig-
ing with more secondary variables. But this is math-
ematically tedious and is limited by the currently avail-
able computational codes.

5. Conclusions

The purpose of this study is to introduce a geostatis-
tical method (ASOADeK) to map mountain precipita-
tion using only gauge data, while considering both pre-
cipitation spatial covariance structure and orographic
and atmospheric effects. Application of ASOADeK to
monthly precipitation in a mountainous area of north-
ern New Mexico appears to outperform traditional
kriging and cokriging approaches and produce a pre-
cipitation map comparable to the PRISM product, but
with a higher spatial resolution. In contrast to PRISM,
a knowledge-based approach, ASOADeK does not re-
quire detailed understanding of the regional climatic
setting. Instead, it automatically detects orographic fac-
tors and the climate setting of the study area, including
the spatial gradient of atmospheric moisture and the
dominant moisture flux direction.

For the study area in northern New Mexico,
ASOADeK successfully captures monthly moisture
flux directions over the year, and the spatial moisture
gradient for monsoon and premonsoon months.
ASOADeK also suggests that the significance of oro-
graphic effects varies between months. For winter
months, the terrain elevation is the primary factor, and
the terrain aspect is the secondary factor. For monsoon
months, both terrain elevation and aspect have similar
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impacts on precipitation distribution. However, only
terrain aspect is important for May and June, and only
terrain elevation is important for September and Octo-
ber. Further studies are required to reveal whether or
not this is related to different precipitation processes
between the months. If this is the case, it would suggest
that ASOADeK has the capacity not only to map
mountainous precipitation, but also to work as a diag-
nostic tool to help understand meteorological pro-
cesses. In this sense, ASOADeK appears to use moun-
tainous terrain as an instrument to detect or diagnose
climate and weather patterns.

To further test the model, future work will include
applications of ASOADeK to other mountain areas
and to higher temporal resolutions (e.g., monthly pre-
cipitation of a specific year). With its capacity to map
high-spatial-resolution precipitation, ASOADeK could
be used to study climate variability (e.g., teleconnec-
tions with the Pacific decadal oscillation and the El
Nifio—Southern Oscillation) and its effects on moun-
tainous precipitation distribution. With its autosearch
capacity, ASOADeK regression has potential for re-
covering missed rainfall data in the Next-Generation
Weather Radar (NEXRAD) shadow due to the moun-
tain blockage, and for downscaling low-spatial-resolu-
tion precipitation products. It also has potential as a
tool to help identify atmospheric moisture sources (e.g.,
moisture source of the North American monsoon).
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