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Abstract. High-resolution precipitation observation based on signal attenuation in a Commercial Microwave
Link (CML) network is an emerging technique that is becoming more and more used. Commonly, the raw data –
line measurements from successive time steps – are mapped onto a grid to estimate precipitation fields with a full
spatio-temporal coverage. Assuming the CML-estimated precipitation to be accurate, the attainable resolutions
in time and space are primarily dependent on two factors: (i) the spatial distribution of the link network and
(ii) the spatial correlation properties of the precipitation. Here we outline a pragmatic method for estimating
the optimal resolution based on variogram analysis. The method is demonstrated using a CML network and a
representative variogram in Stockholm, Sweden. Conceivable applications include preliminary investigations in
cities considering starting CML-based precipitation observations.

1 Introduction

Observing precipitation at very high spatio-temporal reso-
lutions is important for many reasons, both for improving
our fundamental knowledge of the small-scale precipitation
processes, including climate change impacts, and for dif-
ferent practical applications, not least in urban hydrology
(Willems et al., 2012; Olsson et al., 2016). The technique
to observe high-resolution precipitation by signal attenua-
tion in Commercial Microwave Link (CML) networks was
proposed some 15 years ago (Messer et al., 2006; Leijnse
et al., 2007), and has been explored in many studies since
then (Fencl et al., 2015; Overeem et al., 2016; Gossett et al.,
2016; Chwala and Kunstmann, 2019). A key advantage of
CML-based precipitation observation is that the infrastruc-
ture already exists, also in parts of the world with very lim-
ited other types of precipitation observations. The main chal-
lenge today is to obtain CML precipitation estimates with an
accuracy that is sufficiently high for further analysis or appli-
cation. Rios Gaona et al. (2015) classified the uncertainties
in CML precipitation into two categories: (1) measurement-
related (e.g. wet antenna effects and wet/dry classification)
and (2) mapping-related (e.g. link density and interpolation
method). This study focuses on the second category.

The mapping of CML precipitation estimates involves
transforming the values from an irregular distributed set of
lines (i.e. the CML network) into a gridded field (e.g. Messer
et al., 2006). Commonly a regular grid is used, although
also variable-density grids have been used (e.g. Zinevich et
al., 2008). In many applications, especially on larger do-
mains, the path-averaged precipitation can be assigned to
the link midpoint (Overeem et al., 2016; Graf et al., 2019),
but in others the precipitation is assumed equally (e.g. An-
dersson et al., 2017) or unequally (e.g. Goldshtein et al.,
2009; Scheidegger and Rieckermann, 2014; Haese et al.,
2017) distributed along the link. When mapping precipita-
tion observed by a CML network, as well as by any other
sensor, there is an inherent trade-off between (temporal and
spatial) resolution and accuracy. This was demonstrated by
e.g. de Vos et al. (2019), using simulated high-resolution pre-
cipitation fields. Another key aspect relevant for the map-
ping is the region’s precipitation climatology. In particular
the spatial correlation properties will interplay with link den-
sity to define the accuracy. This is e.g. manifested in the
semi-variogram used for CML-based precipitation interpo-
lation by kriging (Overeem et al., 2016).

The objective of this study is to develop and demonstrate
a pragmatic approach to assess the potential accuracy at-
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tainable with different combinations of temporal and spatial
resolutions, given a certain CML network and precipitation
climatology. The work is motivated by a recurring question
from CML-data users about which spatial and temporal reso-
lutions precipitation maps can be accurately derived at, given
a certain CML network distribution. It may also be seen as a
response to the call by Rios Gaona et al. (2015) for further
studies on the interaction between link density, precipitation
climatology and spatial scale. The approach is demonstrated
for Stockholm City, Sweden.

2 Methodology

To assess whether a desired, user-defined quality of CML
precipitation maps is attainable, a method was developed
based on a sequence of five steps, aiming to be easy to imple-
ment and interpret. The method is based on superimposing a
regular grid over the CML network and evaluating the impact
of temporal and spatial resolutions on the attainable quality,
here defined as a function of the CML network distribution
and the spatial variability of precipitation. The main result is
in the form of maps at different spatial and temporal resolu-
tions with distinct quality level (QL) classes. In this demon-
stration of the method we assume perfect observations. Po-
tentially known errors and uncertainties in observations can
be added as an additional step, but this is outside the scope
of this paper.

The first step consists of a dialogue with CML precipita-
tion map users to define the appropriate resolution ranges for
their application(s) that should be investigated. This can for
example be 250–2000 m spatial and 1–60 min temporal res-
olution. The bounding box of the map needs to be decided as
well, with possible sub-regions, if there are regions that re-
quire a higher resolution than most of the map. For example,
if the purpose is hydrological simulation a 2000 m resolution
might be acceptable in rural areas, whereas at least a 500 m
resolution is required in an urban area.

In the second step, the distance from the center point of
each grid cell to the closest and second closest observation
is found for each spatial resolution (see Fig. 1a). For line
measurements this is the shortest distance from the center of
the grid cell to any part of the line.

In the third step, a variogram representing the precipitation
climate is used to determine the attainable quality of the grid
cell based on distance from the center point to the observa-
tion (Journel and Huijbregts, 1978; van de Beek et al., 2012,
2020). It should be mentioned that variograms have limita-
tions in their use, related to anisotropy and non-stationarity,
as discussed in van de Beek et al. (2012). The variograms are
also based on average variograms for the current climate. In-
dividual extreme convective events might have much shorter
range and greater sill than found using the variogram equa-
tions in van de Beek et al. (2020). Taking these aspects into
account is beyond the scope of the presented methodology as

this would defeat the purpose of a simple to apply and un-
derstand methodology. If no variogram is available for the
region, other metrics that describe the spatial variability of
precipitation (e.g. the decorrelation distance) can be used
as a proxy. The sill of the variogram can be used to divide
the distances into quality categories and we suggest using
five levels, where the lowest quality (QL= 0) is beyond the
range/decorrelation distance and the highest (QL= 4) at a
variance smaller or equal to the nugget (or zero meter in the
case of only having a decorrelation distance), see Fig. 1b. The
remaining three quality levels are calculated by dividing the
interval between the sill and the nugget into three equal sec-
tions (QL3= 0 to 1/3, QL2= 1/3 to 2/3, and QL1= 2/3 to
100 % of the interval) and finding the corresponding distance
in the variogram.

The fourth step allows a simple enhancement of the qual-
ity level when more than one observation is available within
the grid cell itself. If this is the case, the quality is increased
one step, i.e. QL=QL+ 1, up to a maximum of the highest
quality level 4.

In the fifth step, the maps with different spatio-temporal
resolutions are evaluated to find the optimal resolution. In
essence, the optimal resolution is considered to be the high-
est spatio-temporal resolution that provides acceptable qual-
ity levels for a sufficiently high percentage of the map region
(or sub-regions). The percentage of quality level coverage per
region that is considered to be “sufficiently high” depends on
the users. While the exact interpretation of the quality lev-
els is subjective, our general recommendation is to consider
QL≥ 3 as high quality and QL= 2 as medium quality. Qual-
ity level 1 might still contain some information, but should
be considered as low quality. At QL= 0 no useable informa-
tion is expected to be present. To assess seasonal impacts on
the quality levels, the methodology can be expanded to in-
clude the day-of-the-year (DOY) if the variogram variability
throughout the year is known (van de Beek et al., 2012).

The next section will illustrate the methodology applied
to a commercial microwave link network in Stockholm that
is being used for Microwave-based Environmental Monitor-
ing (MEMO) of precipitation rates.

3 Application and discussion

While the methodology can in principle be applied to any dis-
tribution of point and line measurements, we will discuss the
application primarily using a sample CML network located
in Stockholm, Sweden (Fig. 2). This network is part of an
ongoing experiment and live precipitation maps can be found
at: https://smhi.se/memo (last access: 3 June 2020). The sec-
tion closes with a comparative application of the method to
the gauge network in Stockholm. Another source of short-
term precipitation data in Stockholm is C-band weather
radar. Since radar data typically cover the full spatial extent
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Figure 1. (a) Distribution of three links (thick black lines) compared to a grid cell under consideration (blue square). Link C is closest to the
cell centre, and link A is within the grid cell. Link B is too far from the centre of the current grid cell to be considered. (b) Quality levels
based on a spherical variogram. Here the highest quality (QL = 4) is dark green at zero distance, and no quality (QL= 0) is yellow, beyond
the variogram range. The division in quality levels 1–3 is based on dividing the sill-to-nugget interval in three equal sections and then finding
the corresponding distances. Colouring of the areas is the same for (a) and (b). (c) Change of the range parameter of a spherical variogram
throughout the year for accumulation times of 1, 2, 5, 15 and 60 min for rainfall in the Netherlands (van de Beek et al., 2012).

Figure 2. Distribution of microwave links in Hi3G’s Stockholm
network. Here the white lines represent the links and the black lines
the coast of Sweden around Stockholm. The colors in the legend
represent the distance (km) per grid point to the closest link. The
red square shows the selected sub-region at the city center. The inset
shows the selected region within Sweden as a black square.

within their scan range, we consider the quality classification
method described here not directly applicable to radar data.

For Step 1, in this demonstration we assume that a user
prefers maps with 250 m grid size and a time step (or ac-
cumulation period) of 1 min with acceptable ranges being
250–2000 km and 1–60 min, respectively. Furthermore, the
user requests that the map quality is always QL≥ 3 for 75 %
of the land area. To evaluate this request, spatial resolutions
of 250, 500, 1000 and 2000 m and accumulation times of 1,
2, 5, 15 and 60 min are tested. An example of distances to
the closest link at 250 m resolution can be found in Fig. 2.
The third step involves the characterization of the precipi-
tation climate and here we illustrate the method using vari-

ograms for southern Sweden (van de Beek et al., 2020). The
method described in this paper provides variogram shape as a
function of day of the year and accumulation time, represent-
ing the average spatial correlation of precipitation in southern
Sweden (for individual (extreme) rain events the shape of the
variogram will generally differ).

Based on the precipitation climatology in this temper-
ate climate region, in summer it is expected that the var-
iograms have the shortest range due to convective precip-
itation. In winter, the range is expected to be longest with
predominantly stratiform precipitation. An average situation
can be expected in spring. We therefore evaluate the quality
maps for three representative days of the year; 24 January
(DOY 24), 15 April (DOY 115) and 25 July (DOY 206).
In Fig. 1c the change in the range parameter of a spheri-
cal variogram throughout the year for different accumulation
times is illustrated, using an example from the Netherlands.
It should be noted that the variogram functions for Sweden,
which are used in this demonstration of the methodology,
were determined from 15 min up to daily resolution. Ap-
plication of these functions for shorter accumulation times
requires extrapolation. This might introduce inaccuracies,
which are beyond the scope of this paper to quantify.

A selection of final quality maps for summer conditions
(DOY 206) can be found in Fig. 3. Looking first at the
highest-resolution map (250 m/1 min; Fig. 3a), the individ-
ual link locations are clearly visible as the representativeness
of a link for its surrounding is very low at the 1 min scale.
When moving to longer time steps this representativeness in-
creases rapidly and at 60 min accumulations QL≥ 3 for most
of Stockholm. When increasing the grid size, the image re-
mains similar, but coarser. However, the odds of a second link
being within the range of a grid cell center increases and this
can be manifested by the number of grid cells with QL= 4
increasing with decreasing spatial resolution.
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Figure 3. Map of the attainable quality for different temporal and spatial resolutions using a variogram for southern Sweden in a summer
situation (DOY 206), where the colors represent the quality levels equal to Fig. 1a and b. The columns represent the accumulation time (1, 2,
5, 60 min) and the rows the spatial resolution (250, 1000 and 2000 m). The map covers the entire Stockholm area, i.e. the full extent of Fig. 2.

Figure 4. Map of the attainable quality at 1 min and 250 m resolution for (a) winter (b) spring, and (c) summer precipitation regimes. The
colors represent the quality levels equal to Fig. 1a and b.

How the attainable quality changes throughout the year is
illustrated in Fig. 4, where winter, spring and summer situa-
tions are shown for an accumulation time of 1 min and spatial
resolution 250 m. In winter, almost the entire domain is cate-
gorized as high quality (QL≥ 3), reflecting the spatially cor-
related character of winter precipitation (Fig. 4a). In spring,
the high-quality area decreases (Fig. 4b) and becomes very
similar to the map obtained in summer for 250 m and 60 min
resolutions (Fig. 3d), which well illustrates how the CML
network, grid resolutions and precipitation processes inter-

act to define the attainable quality. Finally, in the summer
map the high-quality area is restricted to the vicinity of the
links, reflecting the localized character of summer precipita-
tion (Fig. 4c) As mentioned before, the time of the year is
clearly very important for determining the potential quality
of the map due to the different dominant processes.

Table 1 shows a summary of the statistics of all grid cells
that are over land for the three seasonal dates. Here the qual-
ity levels have been reduced to three to improve readability;
QL≤ 1 (low), QL= 2 (medium) and QL≥ 3 (high). With the
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Table 1. Percent of grid cells (above land) within the study area (i.e. the full extent of Fig. 2), in three quality level categories (QL≤ 1,
QL= 2 and QL≥ 3, summarized to improve readability of the table) at all temporal and spatial resolutions investigated, and for winter,
spring and summer precipitation regimes.

Spatial Temporal Winter quality Spring quality Summer quality

(m) (min) QL≤ 1 QL= 2 QL≥ 3 QL≤ 1 QL= 2 QL≥ 3 QL≤ 1 QL= 2 QL≥ 3

250 1 0.0 1.0 99.0 0.5 10.2 89.4 61.8 15.7 22.5
250 2 0.0 0.9 99.1 0.8 10.6 88.6 43.9 16.5 39.6
250 5 0.0 0.5 99.5 0.3 9.8 89.8 26.8 14.7 58.5
250 15 0.0 0.0 100.0 0.0 6.9 93.1 9.2 15.8 75.0
250 60 0.0 0.0 100.0 0.0 1.6 98.4 0.0 7.7 92.3
500 1 0.0 0.7 99.3 0.3 9.9 89.8 61.2 15.8 23.0
500 2 0.0 0.6 99.4 0.5 10.4 89.1 43.0 16.7 40.4
500 5 0.0 0.4 99.6 0.2 9.5 90.3 26.1 14.5 59.4
500 15 0.0 0.0 100.0 0.0 6.6 93.4 8.8 15.5 75.7
500 60 0.0 0.0 100.0 0.0 1.4 98.6 0.0 7.4 92.6
1000 1 0.0 0.6 99.4 0.2 9.5 90.2 60.6 16.7 22.7
1000 2 0.0 0.5 99.5 0.4 10.2 89.5 42.5 16.7 40.8
1000 5 0.0 0.3 99.7 0.2 9.3 90.6 25.7 14.3 60.0
1000 15 0.0 0.0 100.0 0.0 6.3 93.7 8.5 15.6 75.9
1000 60 0.0 0.0 100.0 0.0 1.2 98.8 0.0 7.0 93.0
2000 1 0.0 0.6 99.4 0.2 9.9 89.9 60.7 12.0 27.2
2000 2 0.0 0.5 99.5 0.4 10.5 89.1 43.4 15.5 41.1
2000 5 0.0 0.4 99.6 0.1 9.5 90.5 26.0 14.7 59.4
2000 15 0.0 0.0 100.0 0.0 6.9 93.1 8.8 15.0 76.2
2000 60 0.0 0.0 100.0 0.0 1.1 98.9 0.0 7.4 92.6

75 % threshold, during winter a spatial resolution of 250 m
and temporal resolution of 1 min is easily attainable as 99 %
of the grid cells are marked as high quality. During spring
these values become slightly lower, but still it is possible to
have an acceptable map at this high resolution. However, for
summer the results are quite different. At the 250 m resolu-
tion the 75 % threshold is only reached at time step 15 min.
Even upscaling to a larger grid size has limited effect, which
is partially because QL3 and 4 were grouped together. While
a lot of grid cells were moved from QL3 to 4 only a limited
number of grid cells were moved from QL2 to 3, resulting
in very little visible changes in this table. In this example it
therefore does not make much difference in changing the spa-
tial scale, which is in agreement with the finding of de Vos
et al. (2019), who concluded that resolution dependency is
larger in time than in space. For the user to be on the safe
side it could be recommended to choose map resolutions of
at least 250 m and 15 min. Alternatively, the map resolutions
can be changed depending on the time of the year. The choice
of the extent of the map also has a large impact on the final
results. When only looking at the city center (the red square
in Fig. 2), the quality becomes much higher as the network
density is greater. This is summarized in Table 2. Here it can
be seen that even at the 250 m and 1 min resolution the 75 %
threshold QL≥ 3 is met in summer.

Finally, to illustrate that the same method can also be ap-
plied to point observations, Fig. 5 shows the results from an

Table 2. Percent of grid cells (above land) within the city centre
(red square in Fig. 2), for each quality level category for a summer
situation (DOY 206) at 250 and 1000 m and 1, 2, 5, 15, and 60 min
resolutions.

Spatial Temporal Summer quality

(m) (min) QL0 QL1 QL2 QL3 QL4

250 1 0.0 4.7 20.2 70.8 4.4
250 2 0.0 0.0 3.9 91.7 4.4
250 5 0.0 0.0 0.0 95.6 4.4
250 15 0.0 0.0 0.0 95.6 4.4
250 60 0.0 0.0 0.0 95.6 4.4
1000 1 0.0 2.4 17.6 27.2 52.8
1000 2 0.0 0.0 2.4 44.8 52.8
1000 5 0.0 0.0 0.0 47.2 52.8
1000 15 0.0 0.0 0.0 47.2 52.8
1000 60 0.0 0.0 0.0 47.2 52.8

application of the method to the current operational gauge
network in Stockholm. The results indicate that, during sum-
mer, the current rain gauge network density is not high
enough to meet the 75% criterion up to hourly time scales.
This illustrates the gain in quality that is potentially attain-
able by using CML networks for precipitation monitoring.
The real gain in operational applications depends on a num-
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Figure 5. Map of the attainable quality at 1, 2, 5, 60 min and 250 m resolution summer precipitation regime (DOY 206) using rain gauges
and a variogram for southern Sweden. The colors represent the quality levels equal to Fig. 1a and b.

ber of additional factors that require further research and de-
velopment (see Sect. 4).

4 Concluding remarks

To conclude, we have demonstrated a method to identify the
potential resolutions of precipitation estimates from CML
networks. The method is simple, fast, transparent and con-
ceivably useful e.g. for feasibility studies in regions consider-
ing CML-based precipitation observations. The method can
be used to indicate the suitability of the data for different sub-
sequent applications, requiring different resolutions (e.g. es-
timation of sewer overflows or treatment plant inflows in an
urban hydrological context) in different seasons. Another po-
tential application includes assessing the impact of malfunc-
tioning links (i.e. operational network monitoring). We have
demonstrated the method with a focus on a CML context, as-
suming line measurements, but it was shown to be equally
applicable to point observations from, e.g., a precipitation
gauge network.

A key limitation, when applying the method to CML-
based observations, is that perfectly accurate measurements
from the CML network are assumed, which is still not prac-
tically attainable, although much research is currently focus-
ing on this topic. Such errors vary greatly in operational ap-
plications and can be significant (Andersson et al., 2017). If
the measurement error of individual links is known it is possi-
ble to add this information as an additional dimension in the
quality maps, which would address the uncertainty of cate-
gory one (measurement errors) in Rios Gaona et al. (2015).
This also applies to microwave link properties that are known
to be error prone, e.g. short links or links crossing water.
Moreover, another methodological limitation is that only two
observations per grid cell are taken into account, although
the number of observations and the distribution of the obser-
vations within a grid cell should have some influence. Ad-
ditionally, the link length – particularly the spatial distribu-
tion of precipitation along the link paths – is not taken into
consideration, which can lead to overestimation of quality
level, especially for long links near the boundaries of the
study area. One solution might be to take into account the end

points of the line instead of the shortest distance to the link
path. Another potential solution to this issue might be to use
variogram information, as this could potentially be used to
describe variability and uncertainty on individual link level,
e.g. by applying directional variograms to reduce the impact
of the Gaussian assumptions at shorter time-scales. Improv-
ing the method in these respects is clearly possible, although
it makes the method much more complex to communicate to
a user. Additionally it is not certain that the added value for
the user will be significant.

Data availability. The methodology was illustrated by us-
ing an example dataset. The exact locations of the mi-
crowave links and municipal rain gauges are currently not
publicly accessible as they are part of a non-disclosure
agreement. SMHI-operated gauge locations are available
from the open data site of SMHI at: https://www.smhi.se/
data/meteorologi/ladda-ner-meteorologiska-observationer#
param=precipitation15MinutesSum,stations=active (last access:
15 June 2020) (SMHI, 2020).
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