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I) Introduction

Estimating the amounts of precipitation is of paramount importance for number of
applications such as agricultural purposes, water management, hydrological models,
climatic studies, global circulation models and for the wvalidation of indirect
estimation methods based on remote sensors such as radars or satellites and numerical
prediction models.

The most common way to estimate ground precipitation is to interpolate scattered
observations. There is not a unique solution and various interpolation methods are
available for this purpose (see [1] to [3] for instance). Most of the time, these methods
operate in 2D and rely only on the information based on the precipitation field itself.
They usually work well if the precipitation network is dense enough with respect to
the spatial variability of the precipitation field. In a country like Iceland, the use of
such interpolation methods alone can be questionable in mountainous regions where
strong 3D variability can be expected or in poorly monitored areas such as the
highlands. It is thus necessary to pre-process the data and attempt to describe and
remove any trend or non-stationarities before interpolating, see [4] for instance, [5]
and earlier work from [6] and [7] who successfully describe relationships between
precipitation amounts and topography. In this report, we propose to follow this
general idea and study the influence of the topographical environment on the
precipitation patterns in Iceland. It is part of the validation protocol developed for
assessing the quality of the precipitation amounts produced by the MMS5 numerical
model in Iceland [8] and [9].

II)  Relationship between precipitation and topographical environment

II-1)  The predictors

The precipitation at each site is described by a linear model. The 9 selected predictors
(p1) to (p9) give an information about the geographical and topographical features in
the vicinity of each site.

P(x,y,k)=ag +a1x + ayy + azd min+ agh + asa + ags + a70p, +ago, +agw (1)

Where:

P(x, v, k) = Precipitation at location (x,y) and time k
and

(p0):  ag = intercept term

(pl): «x = x coordinate (in Lambert Conformal)

P2): vy =y coordinate (in Lambert Conformal)



(p3): dmin = shortest distance to the ocean in km

(p4): h = average elevation (in metre) in the vicinity of point (X,y)

(p5): a = average orientation of the hillslope (in degree) in the vicinity
of point (x,y).

(p6): s = average hillslope (in %) in the vicinity of point (x,y)

(p7): oj = standard-deviation of the elevation in the vicinity of point (X,y)

(p8): o, = standard-deviation of the hillslope orientation in the vicinity
of point (x,y)

(P9): w = difference in metre between the highest elevation in the vicinity

of point (x,y) and elevation at point (X,y).

The predictors (p1) and (p2) inform about the spatial location of the site in the plane,
while predictor (p3) describes the location more dynamically, with respect to the
Icelandic shoreline and accounts for the maritime influence on precipitation. Predictor
(p4) describes the effect of the elevation around the site. Predictor (p5) integrates
information about how exposed the site is in order to account for the dominant
direction of the weather systems and possible shelter effects. Predictors (p6) to (p9)
attempt to describe the complexity of the topographical environment and the degree
of geographical isolation of the site being considered.

The 7 predictors (p3) to (p9) are estimated for each site once for all with the use of a
digital elevation model (DEM) (figure 1). First, the original DEM (resolution of about
1 km) is resampled to a coarser resolution of about 2 km for computational purposes.
From this coarser DEM, the elevation, hillslope and orientation are extracted at each
grid point (figure 2). In the model presented here, the hillslope is taken positive
downhill. The orientation (-180° , 180° ) is positive clockwise from north (y-axis)
towards east (x-axis) and negative anti-clockwise from north toward west. Then, the 7
predictors are estimated by considering a window of 5 km around each site. Further
improvements in this first generation model will be considered later.
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Figure 1: Digital Elevation Model
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II-2)  Operational estimation procedure

The 9 predictors are not expected to have the same effect on the precipitation amounts
all over Iceland nor from time to time. For this reason, the following procedure is
defined and applied individually at each time step k:

The regression coefficients are estimated by a multiple linear regression (MLR). A set
of 5 successive MLR is made over 3 sectors of 120° each, centered on the top of
Hofsjokull glacier (figure 3). There is a rotation of 10° to 15° between one set to the
next. There are several reasons that motivate this choice. As a matter of fact, we do
not know for sure the best way to divide Iceland into homogeneous regions, and by
making a set of 5 successive estimates, we expect the final estimation to be closer to
the true value. The reason for dividing Iceland into 3 sectors is a compromise between
having a reasonable number of stations per sector (greater than the number of
predictors) and the definition of what we expect are homogeneous regions, i.e. regions
under the influence of the same weather systems. Finally, in using this successive
estimation method for mapping, we expect to avoid unpleasant sharp edge effects
between the different sectors. This estimation procedure is not definitive and
modifications might be considered later.

For each set, the method produces 3 series of regression coefficients, and the
precipitation at site j is estimated by:

P*(xj,yj,k,r): ao(k,s[r,l])+ a (k,s[r,l])xj + az(k,s[r,l])yj +

as(k, s[r,1))d min ;+ay (k,s[r,l])ﬁj +as (k,s[r,l])aj +ag (k,s[r,l])§j + )
as (k,s[r,l])ahi +ag (k,s[r,l])aaj +ag (k,s[r,l])wj

Where

s[r,1] is the 1" sector [l <7< 3] of the r' set [1 < r < 5].

A given station belongs only to one sector at the time, and the final estimation is
given by the mean of the 5 successive estimates:

P lejovjk)= ilp*(xj’yjska”) 3)
z

D | —
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Figure 3: The different sectors
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IIT)  Evaluation of the linear model in Iceland

[II-1) The data

The data used in this study are daily precipitation measured at 122 sites from 1980 to
2001 (figure 4). These precipitation stations are manual. No correction is applied to
account for any wind loss for instance. The monthly precipitation is computed if the
station has been in operation for at least 25 days, and the annual precipitation is
computed if the station has been in operation for at least 350 days. The number of

stations used simultaneously in a given month is ranging from 60 to 122, with a mean
of 84.

I1-2) Annual precipitation

The model was evaluated for each year between 1980 to 2001. First the regression
coefficients were estimated with the entire network and the model performance was

judged by plotting the relationship between the estimated values P*(x, y,k) and
observed values P (x, y,k). Figure 5 presents the scatter plots between P’ (x, y,k)

and P (x, y,k) for the year 2001. Appendix 1 gives the scatter plots for the period

1980-2000. The linearity of the relationship is good. The annual estimates are
unbiased in average for each year (figure 6). The correlation coefficients are ranging
between 0.903 and 0.976 with an average value of 0.947. However, systematic errors
can occur punctually for some stations where the estimate can be systematically too
high or too low (see appendix 2).

Figure 7 presents the histograms of the different regression coefficients. Large
variations in both sign and magnitude are observed. This supports the previous
assumption that there is not a unique relationship between the predictors and
precipitation in both space and time. A numerical example is given with the annual
precipitation in 1999 and 2000 (tables 1 and 2). The stepwise selection procedure
(tables 3 and 4) gives the rank of the variable that gives the largest reduction of the
residual sum of squares. It is obvious that a given predictor does not influence the
estimation in the same manner , both in space and time. The results tend to show that
the topography "captures" long term accumulated precipitation features but the
complexity of the relationships cannot be easily described by one single model.
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Figure 7: Annual precipitation (1980-2000): Histograms of the regression coefficients
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In order to assess the quality of the model in a more consistent manner, a validation
procedure was considered by defining two independent samples (figure 8):

- A calibration sample (95 stations) was used to estimate the model
coefficients.

- A reference sample (27 stations independent from the calibration
sample) was used to estimate precipitation with the model defined with
the calibration sample.

The scatter plots between P (xref, yref,k) and P(xref, yref,k) for the years 1980 to

2000 are given in appendix 3. As expected, the correlation coefficients are not as high
as those estimated in the first place, i.e. when the calibration and validation are made
with the entire network. These results represent somehow the lower limit of what can
be expected in reality when using the model for mapping purposes in poorly
monitored areas. The entire network hardly reaches 122 stations in total and any
reduction in this number will most likely have a dramatic consequence on the
estimation of the model coefficients and the robustness of the method. When using the
method for mapping purposes, all the available information will be used and any
additional information such as ice core data for instance will be of great value.
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Table 1: Year 1999: regression coefficients for the 3 set

ag al a? a3 a4 as ag a’ a8 ag
S1 -108 -1.24 2.36 -8.68 0.84 0.115 | -6.11 -0.648 | 0.304 | -0.02
S2 2173 2.47 -5.12 -2.79 0.16 1.57 5147 | 447 -0.002 | -0.695
S3 3759 -0.143 | -5.39 -19.6 1.91 1.77 -3.95 9 -1.26 -3.48
Table 2: Year 2000: regression coefficients for the 3™ set

ag al a? a3l a4 as ag al a8 ag
S1 -230 -0.802 | 2.09 -11.41 | 1.08 0.155 | 7.84 -0.003 | 0.598 | -0.448
S2 1410 3.61 -4.47 -8.83 0.135 1.566 | 94.18 | 2.27 0.259 | -0.019
S3 1199 2.15 -3.28 -15.16 | 1.483 | 3.2 48.38 | 5.88 -1.23 -2.83

Table 3: Year 1999: rank of predictors in the stepwise selection for the 3™ set

1 2 3 4 5 6 7 8 9
S1 X y h d min o, o, 5 a w
92 X o), y a s dmin | W h o,
S3 Yy dmin | 7z a s w o o, X

Table 4: Year 2000: rank of predictors in the stepwise selection for the 3 set

1 2 3 4 5 6 7 8 9
S] dmin | 7 x y w o, a S oy,
S2 y w a S dmin | X o O, h
S3 dmin | a s y x w o}, h o,

14




III-3) Application to monthly precipitation

The model was evaluated for each month from 1980 to 2001. First, the entire network
was used both to derive the regression coefficients and to check the model

performances. Figure 9 presents the scatter plots between P’ (x, y,k) and P (x, y,k)
for each month of the year 2001, and appendix 4 the scatter plots for the period 1980-

2000. The linearity of the relationships between P*(x, y,k) and P (x,y,k) is usually
high. The correlation coefficients are ranging between 0.736 and 0.976 with an
average value of 0.915 (figure 10). In average, the proposed model is able to produce
unbiased estimates of monthly precipitation (figure 11), but systematic errors can
occur punctually for some stations where the estimate can be systematically too high
or too low (see appendix 5). Here too, the different regression coefficients display
large spatio-temporal variations in both sign and magnitude (figure 12).

Then, the same validation procedure defined for the annual precipitation in section
IT1-2 was considered. The scatter plots are presented in appendix 6. The relationships
are usually rather linear but the performances are lower, as expected.

In conclusion, the developed model is quite suitable for estimating monthly

precipitation in Iceland, but the quality of the estimation will depend on the number of
available sites for calibrating the model parameters.

15
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Figure 9: Monthly precipitation in 2001
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Figure 10: Monthly precipitation : correlation coefficients
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Figure 11: Monthly precipitation : mean error
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Figure 12: Monthly precipitation in 2001: Histogram of the regression coefficients
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III-4) Spatial structure of residuals

The residuals of the regression are defined as follows:

%
e(x, y,k) = P(x, y,k)— P (x, y,k) (4)
If the residuals exhibit any spatial structure, then an interpolation procedure can be
considered. The spatial structure of the residuals is defined by the climatological

semi-variogram, see [ 10] for instance.

First a scaled residual is defined for each field k:

__eloyk)
s (X)= 2 Ty ] ®

where
X denotes the spatial location (X,y)

and

oy le(x, y, k)] denotes the spatial standard-deviation of e(x, y, k) for the field k

The experimental climatological semi-variogram is computed as

1 n mhk)

- ny | 5
_2m(h)k:1 i§1 (es(Xlak) es(Xl—i-h,k)) ©)

y(h)

where h is the separation distance between two stations i and j:
=i - @

m(h,k) is the number of pairs of stations having an inter-distance of of 4+ Ak for the

field k, m(h) is the total number of pairs of stations having an inter-distance of
h+ Ah , and n is the number of fields.

As figure 13 suggests, the monthly and annual residuals do not present any spatial
structure and can be considered as decorrelated. Thus, the attempt to define an
estimation procedure based on the kriging interpolation of the residuals:

pk (x,y,k) = ok (x,y,k)+ P (x, y,k) (8)

will not be considered in this study.

20
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III-5) Mapping precipitation in Iceland with the linear model

The linear model was used to map monthly and annual precipitation in Iceland. The
maps have a spatial resolution of 2 km or 4 km. The predictors are defined at each
grid point with the DEM (figures 14 and 15).

Figure 16 presents the annual precipitation map for 2001 (2 km resolution) and figure
17 the sum of the 12 monthly precipitation maps from January to December 2001.
The two maps display a rather similar pattern, with some discrepancies over the
glaciers where the second estimation produces larger values over Vatnajokull but
lower values over Hofsjokull. The annual precipitation maps from 1980 to 2000 (4 km
resolution) are given in appendix 7 and the monthly precipitation maps for 2001 (2
km resolution) in appendix 8.

The method is able to produce more detailed information than any classical
interpolation procedure, especially in the regions poorly or not monitored such as the
highlands, the glaciers and the west and east fjords. It is also quite interesting to see
that the average ratio between the maximum estimated precipitation and the
maximum observed precipitation is 1.7 (min = 1, max = 2.45) for the annual
precipitation (period 1980-2000) and 1.95 (min = 0.9, max = 4.6) for monthly
precipitation (period 1990-2000). These results contribute to show how
unrepresentative the network probably is, and a simple interpolation procedure will
not be able to capture this detailed pattern and will give estimates ranging only
between the minimum and maximum observed values.
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Figure 15: grid 2 km resolution : predictors (p7) to (p9)
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Figure 16: Annual precipitation in 2001
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IV) Conclusion

In this work, a model has been developed for studying the influence of geographical
and topographical factors on precipitation. According to the model characteristics, it
is observed that a large part of the spatial variability of monthly and annual
precipitation in Iceland is explained by the geographical and topographical
environment in the vicinity of the considered locations. The results suggest that the
predictors do not contribute to precipitation in the same manner in space and time.
The systematic errors observed at some locations show that a more detailed division
of Iceland will most likely improve the quality of the estimation. In the future, the
model will hopefully gain in accuracy when information over the glaciers such as ice
core data will be available. The main range of application of this model is to produce
high resolution precipitation maps. For the near future, it is intended to be used in
order to assess the quality of the precipitation amounts generated by the MMS5
numerical prediction model. Further work in both the selection of the model
parameters and the estimation procedure will be considered later, as well as the
extension of the method to shorter time steps and other variables such as statistical
parameters and other weather parameters such as the temperature.
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Appendix 1

Annual precipitation

Scatter plots for the period 1980-2000
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Appendix 2

Annual precipitation

Scatter plots for each station (period 1980-2000)
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Appendix 3

Annual precipitation
Validation procedure

Scatter plots for the period 1980-2000
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Appendix 4

Monthly precipitation

Scatter plots for the period 1980-2000
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Appendix 5

Monthly precipitation

Scatter plots for each station (period 1980-2000)
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Appendix 6

Monthly precipitation
Validation procedure

Scatter plots for the period 1980-2000
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Appendix 7

Annual precipitation maps from 1980 to 2000
(4 km resolution)
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Appendix 8

Monthly precipitation maps in 2001
(2 km resolution)
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