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Abstract

This study focus is set on quantifying sampling related uncertainty in the satellite rainfall
estimates. We conduct observing system simulation experiment to estimate sampling
error for various constellations of Low-Earth orbiting and geostationary satellites.

There are two types of microwave instruments currently available: cross track
sounders and conical scanners. We evaluate the differences in sampling uncertainty
for various satellite constellations that carry instruments of the common type as well as
in combination with geostationary observations.

A precise orbital model is used to simulate realistic satellite overpasses with orbital
shifts taken into account. With this model we resampled rain gauge timeseries to sim-
ulate satellites rainfall estimates free of retrieval and calibration errors. We concentrate
on two regions, Germany and Benin, areas with different precipitation regimes.

Our results show that sampling uncertainty for all satellite constellations does not dif-
fer greatly depending on the area despite the differences in local precipitation patterns.
Addition of 3 hourly geostationary observations provides equal performance improve-
ment in Germany and Benin, reducing rainfall undersampling by 20-25 % of the total
rainfall amount. Authors do not find a significant difference in rainfall sampling between
conical imager and cross-track sounders.

1 Introduction

Accurate measurements of precipitation are equally important for the scientific and
non-scientific communities. Knowledge of precipitation processes improves our under-
standing of the global water cycle, Earth latent heat fluxes, floods prediction. It is used
as an input information for hydrological modeling as well as for agricultural manage-
ment, emergency services and policy makers (Bastiaanssen et al., 2000; Hong et al.,
2007; Huffman et al., 2010). A broad overview of scientific applications of precipitation
products derived from satellite observations is given by Kucera et al. (2012).
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Currently a truly global monitoring of precipitation is only possible via satellite mea-
surements as no dense gauge and radar network can be installed and maintained in
the remote locations e.g. oceans, where precipitation can be observed only during field
experiments (Klepp et al., 2010). Flying at the altitude of several hundreds or thousands
of kilometers satellites are able to observe precipitation events that are otherwise not
seen by in-situ instruments or not reproduced by numerical weather prediction (NWP)
models (Klepp et al., 2005).

Some climatological precipitation datasets like Global Precipitation Climatology
Project (GPCP) (Adler et al., 2003), TRMM Precipitation Analysis (TMPA) (Huffman
et al., 2007), Climate Prediction Center Morphing Method (CMORPH) (Joyce et al.,
2004) utilize all available satellite precipitation observations that require different re-
trieval methods while other datasets like Hamburg Ocean Atmosphere Precipitation
from Space (HOAPS) (Andersson et al., 2010) or retrieval systems like Microwave
Integrated Retrieval System (MIRS) (Boukabara et al., 2011) rely only on the obser-
vations conducted by the same type of instrument, loosing in the number of employed
spacecrafts and coverage but gaining in the consistency of the single retrieval method.

Rainfall retrieval techniques have made a significant advancement during the recent
years. Studies by Wolff and Fisher (2009) and Turk et al. (2009) show that precipitation
estimates aggregated over 1 day and and 1° are nearly unbiased and have root mean
square error of 1 mm day‘1 or less. Same studies indicate that on a smaller spatial
and temporal scale the uncertainties are still large. There are at least two sources
of uncertainties: retrieval uncertainty which exists because no retrieval method can
perfectly calculate true precipitation amount, and sampling uncertainty, which appears
due to the intermittent nature of the rainfall process. In this paper we concentrate only
on the sampling part of the rainfall retrieval uncertainty.

Few earlier studies addressed the sampling uncertainty of satellite rainfall observa-
tions (Shin and North, 1988; Bell and Kundu, 2000; Nesbitt and Anders, 2009; Fisher
and Wolff, 2010; Chambon et al., 2012). Steiner et al. (2003) and Gebremichael and
Krajewski (2004) developed approaches to calculate sampling errors using the average
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rainfall rate, the size of the sensor footprint and the aggregation intervals as the input
parameters. However they have not taken satellite flight patterns into account but used
fixed sampling intervals instead. Their approach was further extended by lida et al.
(2006). It considered realistic flight patterns of DMSP, Aqua and TRMM satellites but
did not consider any changes in satellite orbital parameters. As can be seen in Fig. 1
satellite orbits experience shifts of few hours during satellites lifetime. However this ef-
fect is important for the precipitation records that spread over several years. In case of
a precipitation regime with strong diurnal cycle the shifts in equator crossing times may
lead to biases in precipitation timeseries. Fisher and Wolff (2010) followed a different
path and disaggregated the overall errors in the final monthly precipitation product onto
the sampling and retrieval components using statistical decomposition method.

The aim of our study is to estimate and compare sampling uncertainty for various
satellite constellations that have different orbits and different instruments on-board. This
study is unique in the few following ways. We estimate sampling error for all spacecrafts
that carry passive microwave rainfall sensors, as well as the combinations of satellites
to match those used in various long-term precipitation products. Complete listing of
satellites and instrument characteristics is presented in Table 1.

Unlike previous studies we used a realistic orbital model to compute satellite orbits
or extracted subsatellite tracks from the existing records, thus our analysis provides the
most realistic picture of satellite overpasses.

Finally our methodology was applied over two rain gauge networks in Benin and
Germany, the areas with different precipitation regimes. Our aim is to evaluate the
effect of precipitation regime on the sampling error behavior. Benin is strongly affected
by the West African monsoons, where strong and short convective rainfall events are
typical, while in Germany relatively weak large scale stratiform precipitation occurs
more frequently throughout the year.

Usually to estimate sampling error in rainfall estimates researchers analyze two-
dimensional fields of precipitation (e.g. Steiner et al., 2003; lida et al., 2006). Instead
we look at the one dimensional point measurements. Essentially, this is the worst case
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scenario, as the majority of the rain events are not observed simultaneously by the
ground stations and satellites. Such analysis will provide the knowledge of what mag-
nitude of the sampling error one should expect when comparing point rainfall data
and satellite observations. By analyzing the point data we also avoid issues like beam
filling effect. And since we are interested in sampling errors differences for different
satellite constellations it is not so important whether we look at two-dimensional or
one-dimensional rainfall timeseries.

This paper is organized as follows. Background information on sampling error is
given in Sect. 2. Ground observations are described in Sect. 3. Satellite constellations
and their orbit modelling is presented in Sect. 4. Samping error estimation approach is
presented in Sect. 5. The results of our analysis are given in Sect. 6 and conclusions
are discussed in Sect. 7.

2 Sampling error

Producing a precipitation climatology from observations is a complex task. Precipitation
sensors and retrieval algorithms are imperfect and therefore calibration and retrieval
errors are always present in the final products. Due to the discrete nature of satellite
observations a third component of satellite error budget will be the sampling error.
According to Roca et al. (2010) the total error budget for precipitation products can be
written as:

2 2 2 2
5% =S calibration + S algorithm + S sampling’ (1)

where Szca,ibraﬁon is the calibration term, associated with the systematic errors,
82a|gorithm is the retrieval term associated with the error in the retrieval process and

stamp”ng is the sampling term caused by discrete satellite observations pattern, as
certainly not all rainfall events can be observed from space from LEO satellites.
In this study we concentrate on the sampling term of the rainfall retrievals error bud-
get. We follow the approach used by Gebremichael and Krajewski (2004) and lida et al.
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(2006) and simulate satellite precipitation timeseries using ground rain gauge observa-
tions. In order to avoid calibration and retrieval errors we do not use any satellite rainfall
retrievals and resample the original rain gauge timeseries instead. For simulated satel-
lite rainfall timeseries we chose only those gauge measurements that coincided with
the satellite overpasses in time and space. This way only the sampling term of the total
rainfall product error budget is left:

5% = S2sampling (2)

3 Rain gauge observations

Ideally, to resolve short scale precipitation processes ground observations made every
5 min or less are required. However we think that for the purpose of our research hourly
resolution is sufficient.

For sampling error evaluation we obtained hourly rainfall measurements over Ger-
many from the German Weather Service (Deutscher Wetterdienst, DWD) and over
Benin from African Moonsoon Multidisciplinary Analyses (AMMA) project. Summary of
network characteristics is presented in Table 3, and their spatial distribution is shown
in Fig. 2.

The 156 measurement stations in Germany belong to the DWD meteorological
and climatological observation network and cover the entire country. They are evenly
spread between 47 and 55° N. Selected timeseries span from January 1998 to Decem-
ber 2008 thus the timeseries contain over 13 million records. The station density is
approximately one station per 2000 km?.

Benin measurement network is a part of the AMMA Coupling the Tropical Atmo-
sphere and the Hydrological Cycle (AMMA-CATCH) observing system, described in
Lebel et al. (2009). It includes 52 stations equipped with tipping buckets, spread across
ca. 15000 km? in the upper catchment area of the OQuémé river between 9 and 10° N.
This network was set up to perform mesoscale rainfall analysis and has a density of
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approximately one station per 200 km? over a 1° x 1° area. This dataset contains mea-
surements made from March 2005 to September 2007.

Our main motivation for selecting these areas was the difference in precipitation
regimes. As illustrated in Fig. 3 rainfall in Benin tends to be strong but infrequent. The
largest contribution to the overall volume comes from the rainfall events that exceed
10mmh~" and they occur in less than 10 % of all rainfall occurences. In Germany on
average the largest input comes from the light ranfall of less than 1 mm h™'. It makes
more than 30 % of the total rainfall volume and occurs in over 70 % of all precipitation
events.

4 Satellite rainfall timeseries simulation
4.1 Satellite instruments

There are two types of passive microwave rainfall sensors that allow rainfall retrieval:
conical imagers and cross-track sounders. Special Sensor Microwave Imager (SSM/I),
Advanced Microwave Scanning Radiometer (AMSR-E) and TRMM Microwave Imager
are conical scanners. Their construction allows imaging the underlying surface always
with the same angle, thus their field of view remains constant. They measure the in-
tensity of surface radiation in the window parts of spectra at the frequencies between
7 and 89 GHz. Advanced Microwave Sounding Unit B (AMSU-B) and it’s follow up, Mi-
crowave Humidity Sensor (MHS) are cross-track sounders. They measure radiation in
the region between 89 and 190 GHz, profiling atmosphere at the different levels using
channels centered at 183 GHz and measuring surface radiation in the window channels
89 and 150 GHz. Their scanning pattern is perpendicular to the spacecraft movement
direction and field of view changes the further away it is from the nadir position.

Due to the limitation of MW signal strength all MW rainfall instruments are carried
onboard low-Earth orbiting (LEO) satellites. Their orbit does not exceed elevation of
1000 km and their swath width lays within 700 and 2000 km. Another type of satellite
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information useful for rainfall retrievals is geostationary (GEO) infrared (IR) measure-
ments. They do not suffer the same problems with sampling as with LEO satellites, as
they observe almost an entire Earth hemisphere from a “fixed” position with regular
frequent time intervals. But unlike MW measurements they cannot provide information
for direct physical rainfall rate retrieval. Instead they provide information on the spatial
distribution and physical propertiess of the clouds, that can be further interpreted for
the rainfall retrieval. Geostationary IR measurements can be used for the rainfall re-
trieval standalone or they are utilized as a valuable source of supplemental information
for the MW based rainfall retrievals.

4.2 Satellite constellations

Since the interest of this study is to investigate the overall sampling error for all satellites
as well as the sampling error for satellite constellations that have onboard only sensors
of certain type (cross-track sounders or conical scanners) we consider four constella-
tions. Group PMI includes only satellites with passive microwave cross-track imagers.
Group PMS contains LEO satellites with passive microwave cross-track sounders.
Group LEO includes all of the LEO satellites. Group GEO includes only a geosta-
tionary satellite. We consider the forth constellation alone or in combination with other
groups to evaluate the effect of 3 hourly GEO IR measurements on the sampling error
magnitude. We chose 3 hourly GEO observation frequency as this is the frequency
used in datasets like TMPA, CMORPH and others. Constellations listing is presented
in Table 2. It is important to note that the number of satellites in each group changes
from year to year as can be seen in Fig. 1.

4.3 Satellite overpasses simulation

In this study we do not use any real satellite data except for the satellite position infor-
mation that is required for further simulating of satellite precipitation timeseries. We use
either subsatellite tracks extracted from the satellite records or simulate satellite tracks
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using the Simplified General Perturbations Model 4 (SGP4) described by Vallado et al.
(2006). SGP4 is a fully analytical model used to calculate satellite orbital state vec-
tors relative to the Earth—centered inertial coordinate system. It propagates satellite
orbits taking into account perturbations caused by Earth’s uneven gravitational field,
atmospheirc drag, solar and lunar gravitational forces as well as solar radiation field.
It applies to satellites with an orbital period of less than 225 min. To compute satellite
orbits we used PREDICT software written by Magliacane (2012), with the SGP4 model
in its core. The advantage of PREDICT is that since it relies on a fully analytical orbital
model satellite tracks prediction is very fast and can be done on any personal computer.

An example of modeled subsatellite tracks for all LEO satellites considered in this
study is illustrated in Fig. 4.

Satellites measurements are not continuous and cannot cover precipitation diurnal
cycle completely but observe precipitation with regular time intervals. If the satellite
orbital parameters changed then additional biases would be introduced. As illustrated
in Fig. 1, satellite orbit may experience shifts of several hours changing the observing
time, which may change the mean observed rainfall rates. To account for this effect we
either used a high precision orbital model or used geolocation information extracted
from the existed satellite records.

To calculate satellite tracks with high accuracy one needs to provide PREDICT with
an up-to-date two-line elements (TLE) file, that contains parameters describing an orbit
of the specific satellite in a certain moment of time. Accuracy of the computed orbits
depends on the time interval between the date of creation of the TLE file and the date
the orbit is calculated for. According to Dong and Chang-yin (2010) positional errors for
satellites orbiting at the altitude between 400 and 1200 km 1 day prediction lay within
6—7 km range. This accuracy order is even higher than required by our experiment
setup.

TLE files for research and operational satellites are released daily by the North Amer-
ican Aerospace Defense Command (NORAD). We obtained TLE files for all satellites
considered in this study from CelesTrak database (http://celestrak.com), except for
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DMSP satellites. Since the year 2000 NORAD stopped public TLE release for DMSP
satellites. We obtained DMSP geolocation information extracted from DMSP records
by Climate Monitoring Satellite Application Facility (CM-SAF).

5 Sampling error estimation

After simulating satellite rainfall timeseries we estimate satellite performance by com-
paring constructed rainfall aggregates to the true rainfall aggregates. Like in lida et al.
(2006) we use three parameters: root mean square error, RMSE, bias, BIAS and sam-

pling error, SE which is a ratio of RMSE to the mean true rainfall rate ﬁt
RMSE is presented as:

RMSE = \/((Rs - R)2), (3)

where R stands for the esimated satellite rainfall rate, R, stands for the true rainfall
rate and () indicates averaging across time axis. We emphasize that Ay is not a value
retrieved from real satellite observations, but is a sum of the hourly precipitation rates
at each gauge location taken if a satellite overpass occurs during this time. A; in turn is
the sum of actual observations over the considered period (from 3 h to 1 month) taken
without considering any satellite overpasses.

BIAS is the difference between mean true rainfall rate /; and mean satellite rainfall

estimate R:
BIAS = R, - R, (4)

Sampling error, SE is defined as a ratio of root mean square error, RMSE to the true
rainfall rate R;:

SE = 100 x RMSE/R,. (5)
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We estimate sampling error at five time scales: 3h, 1 day, 7 days, 15 days and 30
days. Sampling intervals were chosen in accordance to their appearance in precipita-
tion climatologies like TMPA or CMORPH. In this paper we concentrate on the results
computed for the entire year, though we estimated sampling error for each of the four
seasons of the year as well.

The analysis workflow goes as follows: (1) satellite tracks were either computed us-
ing Predict software or extracted from the satellite geolocation information, (2) satellite
rainfall timeseries were created by resampling rain gauge timeseries according to the
satellite overpasses for every location, (3) resulting rainfall timeseries were compared
to the original rain gauge records. All timeseries vectors are combined into one. No
spatial averaging or interpolation is performed.

6 Results

The sampling related uncertainty is estimated for various combinations of aggregation
intervals and satellite constellations for Germany and Benin based on 10 yr (Germany)
and 3 yr (Benin) long rainfall gauge timeseries. Total sampling error and annual bias are
outlined in Sect. 6.1. Differences in diurnal cycle coverage are discribed in Sect. 6.2.
Comparison of sampling error for various constellations are given in Sect. 6.3.

6.1 Mean annual rainfall

As illustrated in Fig. 6 by employing all available satellite observations we are able to
observe not more than 56 % of the total rainfall volume. Surprisingly, despite variations
in the rainfall regime, the difference in rainfall sampling between Germany and Benin
is marginal, and does not exceed 5 % for any satellite constellation.

PMS constellation performs slightly better in both areas, over Germany the amount
of rainfall records exceeds PMI observations by 11 %. This effect is more obvious over
midlatitude areas than close to equator, in Benin this difference is 7 %. This advantage
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in sampling can be explained by the sensors wider field of view, therefore the time gap
between observatons is smaller and diurnal cycle is covered more evenly.

Combination of GEO and LEO observations provides significant improvement, re-
ducing the mean annual bias by 22 % over Germany and 21 % over Benin. 3 hourly
GEO observations alone will cover only 33 % to 35 % of total rainfall volume. There-
fore we confirm that it is highly recommended to use a combination of GEO and LEO
observations.

Using GEO with only one sensor type, PMS or PMI will increase bias by 7 to 13 %
over Germany and 7 to 12 % over Benin.

6.2 Diurnal cycle coverage

We analyzed how well the precipitation diurnal cycle is covered during the summer
months (June—August) of the year 2006. We picked that season because it is the time
with the rainfall of the highest intensity in both areas and because during the year
2006 the equal number of PMS and PMI satellites are avaiable simultaneously: NOAA-
15, 16, 17 and 18, and DMSP F-13, F-14, F-15 and the AQUA satellite. Over both
areas PMS provides consistenly more uniform coverage of the diurnal cycle, that is
probably due to its wide swath angle so there is more overlap between two successive
orbital passes. However it lacks observations during the evening hours between 8 and
10p.m. LT (local time). PMI observations have clear peaks in the evening hours that
partly coincide with the summer evening rainfall peaks. The evening maximum in Benin
(5—6 p.m.LT) is not captured well by neither of the constellations including GEO. Also
the gaps during 2 and 5-6 a.m. contribute significantly to the rainfall underestimation
by the satellites.

6.3 Sampling error

Figure 8 displays the total sampling error for both study areas for various satellite
constellations. The major difference between Germany and Benin is apparent on the
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subdaily and daily scale. The sampling error value for a constellation that includes all
satellites (black line on the Fig. 8 reaches 230 % in Germany and almost 386 % in
Benin. By aggregating rainfall in time the error is significantly reduced and falls down
to 70-55 % (Germany) and 76—61 % (Benin) on a weekly and monthly time scale. The
large difference between sampling error values on a subdaily scale in Germany and
Benin can be explained by the rainfall regime differences described in Sect. 3. PMS
and PMI constellations perform very similar, the sampling error difference on various
timescale lays within 10—15 % interval with PMS having slightly smaller values. Addi-
tion of geostationary information provides significant improvement over single sensor
constellations (PMI, PMS or Geo). The difference between the sampling error values
for all satellites constellation (Leo + Geo) and Geo combined with either PMS or PMI
constellations lays within 20—40 % for the subdaily scale and falls down to 10-15 % on
a monthly scale for both areas, Germany and Benin. Full bias, RMSE and sampling
error values are described in Tables 4 and 5.

7 Conclusions

Satellite rainfall estimates have been made using a comprehensive orbit modelling
approach that accounts for changes in satellite orbital parameters. The performance
of simulated satellite rainfall estimates was analyzed through a comparison to ground-
based observations in different geographical locations. The findings of this study are:

— The overall sampling error in Germany and Benin varies significantly on the
subdaily scale, but not so much if rainfall estimates are aggregated on longer
timescales. Due to the differences in the rainfall regieme satellite sampling er-
ror in Germany on 3 hourly time scale is 150 % smaller than in Benin. But on
the longer timescales the sampling error values become relatively close and drop
down to 55-60 % for both study areas.
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— Addition of 3 hourly geostationary information to PMS and PMI observations re-
duces rainfall underestimation by 20-25 % of the total rainfall amount in both study
areas. Undersampling of 3 hourly geostationary measurements is similar to that
of PMS and PMI observations combined.

— The difference in rainfall events coverage between NOAA (PMS) and DMSP (PMI)
based satellite constellations is relatively small, being 10 % of the true mean an-
nual rainfall amount at most. When either of the LEO constellation (PMS or PMI)
is combined with GEO observations the performance is relatively close to the
constellation that includes all available satellite information.

The found overall sampling error values are very large, however it should be noted
that we have done a point-wise analysis for a set of individual stations which is the
“worst-case” scenario for such type of analysis. Using spatial fields instead of point
data would allow to see the rainfall events otherwise not seen by the rain gauges. As
shown in previous studies, like Gebremichael and Krajewski (2004), the magnitude of
the sampling error drops significantly with enlarging the area of analysis.

Rainfall rate retrieval methods are not the same for the data that comes from cross-
track sounders and conical imagers. However when one has to choose which type
of observations to use, PMI or PMS, then sampling error should not be the primary
concern as these constellations do not outperform each other by more than 10 % of the
total annual rainfall amount. It is recommended to include geostationary observations
if possible.

An interesting finding is that there is no significant differences in sampling error be-
tween Germany and Benin on the timescales longer than one day. This may suggest
that no special regionalization is required when building up a global precipitation clima-
tology using satellite information.

In this study we estimated the overall sampling error for the various constellations
of LEO and GEO satellites with the precipitation sensors onboard, but did not do a
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detailed analysis of satellite orbital parameters. Further research may address the ef-
fect of satellite orbital drift on the precipitation timeseries.
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Table 1. Microwave instrument characterstics.

Satellite Instrument Frequency range (GHz) Swath width (km)
NOAA-15 AMSU-B 89-183 2343
NOAA-16 AMSU-B 89-183 2343
NOAA-17 AMSU-B 89-183 2343
NOAA-18 MHS 89-190 2343
NOAA-19 MHS 89-190 2343
MetOp-A MHS 89-190 2343
DMSP F-14 SSM/I 19-85.5 1400
DMSP F-15 SSM/I 19-85.5 1400
DMSP F-16 SSM/I 19-85.5 1400
TRMM T™I 10-85.5 760
Aqua AMSR-E 6.9-89 1445
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Table 2. Satellites constellations.

Constellation

NOAA MetOp-A DMSP AQUA TRMM GEO

PMS
PMI

LEO
GEO

X

X
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Table 3. Characterstics of the rain gauge networks.

Name Localization Area Gauges Observation period
Ouémé 9.0-10.0°N, 1.5-2.8°E 15400 km? 60 1998-2008
DWD 47.4-55.01°N, 6.09-14.94°E 357021 km? 156 2005-2007

11696

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

HESSD
9, 11677-11706, 2012

Multi-satellite rainfall
sampling error
estimates — a
comparative study

M. ltkin and A. Loew

(&)
()



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/11677/2012/hessd-9-11677-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/11677/2012/hessd-9-11677-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 4. Total sampling error, RMSE and bias values for Germany.

Aggregation time interval

Bias, mm RMSE, mm Sampling error, %

3h -0.13 0.68 231

1 day -1.05 2.74 116

7 days -7.35 11.43 69

15 days -15.68 21.36 60

30 days -31.18 38.81 55
11697

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

HESSD
9, 11677-11706, 2012

Multi-satellite rainfall
sampling error
estimates — a
comparative study

M. ltkin and A. Loew

(&)
()



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/11677/2012/hessd-9-11677-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/11677/2012/hessd-9-11677-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 5. Total sampling error, RMSE and bias values for Ouémé.

Aggregation time interval

Bias, mm RMSE, mm Sampling error, %

3h -0.22 1.97 386

1 day -1.75 6.12 150

7 days -12.05 21.04 76

15 days -25.26 38.44 66

30 days -47.99 67.80 61
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Fig. 6. Mean annual rainfall volume recorded by the rain gauges and simulated satellite ob-
servations in Germany (top panel) and Ouémé site, Benin. Thin vertical error bars indicate

standard deviation.
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Fig. 7. Precipitation diurnal cycle (mean daily rainfall amount) observed by rain gauges and
satellites over Germany (top panel) and Ouémé site, Benin, during the summer season (June—

August) 2006.
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Fig. 8. Total sampling error for Germany (a, ¢) and Ouémé site (b, d). Upper panels show
sampling error values for all major satellite constellations separately and for a combination of
all satellites. Lower panels demonstrate the perfomance of imagers and sounders combined
with geostationary observations against a combination of all satellites.
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