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EXECUTIVE SUMMARY

The present report addresses the verification of Flash Flood Guidance System (FFGS) products
for which it is likely to have observed data to use as ground truth. The main such products from
the operational implementations of regional FFGSs, that forecasters may use to assess the
likelihood of flash flood occurrence in space and time, are: precipitation, estimated and forecast,
and soil water saturation fraction, estimated and forecast (if available) for specific FFGS flashflood-prone basins. Thus, guidelines are provided for the verification of precipitation, estimated
from gauge-corrected satellite and radar data, and forecast by mesoscale numerical weather
prediction (NWP) models. Soil water saturation fraction estimates are also amenable to
verification from field observations of soil moisture at various depths where and when available,
and thus guidelines for their verification are provided. In addition, guidelines are provided for the
verification of warnings of flash flood occurrence using historical databases containing the
location and times of actual flash flood occurrence.
Other FFGS ancillary products are also considered in this report. The verification of
climatological estimates of potential evapotranspiration, and of the snow cover extent and snow
water equivalent products is discussed. For FFGSs with riverine routing capability, the report
presents guidelines for the verification of FFGS flow simulations and forecasts.
The verification guidelines are demonstrated in each case with illustrative examples from the
existing operational implementations of the FFGS worldwide. Uncertainties in the ground-truth
data that may impact the verification process are highlighted. The guidelines and examples of
the present report may serve National Meteorological and Hydrological Services to improve the
nowcasts and forecasts of flash flood occurrence by identifying basins and times (seasons) where
the uncertainty in FFGS products is high, and by suggesting potential adjustments forecasters
may make to improve the flash flood warnings for such areas and times.

v

1. INTRODUCTION

The report focuses on providing guidelines for verification to the Users of the regional Flash
Flood Guidance System (FFGS) products toward more effective use of the products and for
increasing the reliability of the flash flood warnings that utilize FFGS products. At present and
largely because of the lack of ensemble precipitation predictions from the mesoscale models
supporting the FFGS implementations, the products of the FFGS are necessarily deterministic
and the verification procedures used are ones appropriate for this class of products.
It is important to understand at the outset that the FFGS implementation (e.g., HRC, 2019) is
done for various countries worldwide under a very large diversity of supporting data conditions
(density and temporal distribution) and therefore the results of verification very much depend on
the data available in real time (e.g., Modrick et al. 2016). Secondly, it is also important to
understand that the FFGS provides to the forecaster a basis of integration of available data and
associated errors, and of the consequences of such data and errors for derivative products, so that
the forecaster, based on their experience and available real time information, may make
adjustments to the FFGS products, identify threats and issue warnings as per country protocols
(e.g., Georgakakos 2018; Jubach and Tokar 2016). This latter use of the FFGS products makes
appropriate the continuing country verification of forecaster warnings that are external to the
system and are not recorded by the system. Thirdly, the simulation (and much more the
prediction) of highly localized impacts of intermittent and highly varying (nonlinear behavior in
space and time) precipitation events carries uncertainty (e.g., Carpenter and Georgakakos,
2006), and the characterization of such uncertainty is critical for decision making pertaining to
identifying the threat of flash flooding and issuing flash flood warnings. With the present system
with no ensemble predictions such uncertainty is characterized subjectively by the forecaster and
such characterization may carry significant errors, which will undoubtedly vary from forecaster
to forecaster. Lastly, the availability of flash flood occurrence data (e.g., Carpenter et al. 2007)
is limited for several countries and typically covers areas with significant population centers.
Thus, any verification process that uses such data is necessarily utilizing a small sample of
observations that most likely will not characterize the full sample and result in biased verification
results.
1

The diagram of the components, data and associated links of the operational FFGS is shown in
Figure 1.1. There are input data that are quality controlled within the FFGS (e.g., precipitation
estimates and forecasts), there are products generated by the land-surface modules shown, and
there are threat products produced on the basis of mesoscale model precipitation forecasts and
forecaster adjustments. These three classes of data are the targets of the present verification
guidelines report.

Figure 1.1:

Component processes, data and links within the Flash Flood Guidance System
(FFGS)

The main body of the present report is divided into sections corresponding to the type of product
being verified. The next section describes the candidate types of FFGS products suitable for
verification, and it is followed by the three main sections on verification concerning the three
main classes of FFGS products: Input, Land-Surface, and Threat/Warning Products. Appendix
A provides short descriptions of basic statistical metrics used throughout the report.
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2. TYPES OF FFGS PRODUCTS FOR VERIFICATION

For methodological verification purposes the present report classifies the FFGS products into
three classes, as discussed later in this section. In subsequent sections and for each product
verified, the necessary and desirable data are discussed, and the step-by-step methodology for the
verification is presented. In addition and where and when available, the report presents
application examples from FFGSs that have been implemented worldwide.

2.1. INPUT VERIFICATION
This concerns the precipitation input data, both observations and forecasts. The verification of
the following products is discussed with an indication of the ground truth used to verify each:
(a) Satellite gridded precipitation fields from the GHE and the MWGHE techniques using
quality controlled on-site gauge precipitation data.
(b) Merged mean areal precipitation estimates over basins using quality-controlled estimates of
mean areal precipitation from on-site raingauges with good density.
(c) Climatological evapotranspiration estimates using evaporation pans over water bodies or/and
lysimeters.
(d) Mesoscale model precipitation forecasts with a given duration and for a given forecast lead
time using quality-controlled on-site gauge measurements with good spatial density.

2.2. LAND-SURFACE PRODUCTS VERIFICATION
This concerns the output of the land-surface models of the FFGS. Verification may be done for
the following products:
(a) Model snow cover area using data from the quality-controlled remotely-sensed Interactive
Multisensor Snow and Ice Mapping System (IMS) snow cover area.
3

(b) Model snow water equivalent using quality-controlled on-site measurements (manual
measurements, snow scales and snow pillows, snow depth and density, etc.
(c) Model soil water content over FFGS basins using quality-controlled soil moisture
measurements over several soil depths and at several locations in the study basins.
(d) Streamflow estimates from FFGS with routing capability using observed streamflow on the
stream network.

2.3. THREAT PRODUCTS AND WARNINGS VERIFICATION
This concerns the evaluation of the derivative products of the system and the forecaster warnings
based on system product information. The derivative products examined in this section follow:
(a) System-produced IFFT, PFFT and FFFT (1, 3 and 6 hour durations) using data of actual
streamflow bankfull occurrence. (IFFT – Imminent Flash Flood Threat; PFFT – Persistence
Flash Flood Threat; FFFT – Forecast Flash Flood Threat)
(b) System-produced FFR (12, 24 and 36 hour periods) using data of actual streamflow bankfull
occurrence.
(c) Forecaster warnings of flash flood occurrence for given lead times using data of actual flash
flood occurrence.
(d) System-produced landslide occurrence assessments using data of actual landslide occurrence.
(e) Forecaster warnings for landslide occurrence using data of actual landslide occurrence.

4

3. SYSTEM INPUT

In this section, we provide the guidelines for evaluating fields that constitute the input to the
FFGS with examples of application.

3.1 GRIDDED SATELLITE PRECIPITATION (GHE/MWGHE) VERIFICATION USING ONSITE GAUGE PRECIPITATION
In this section, the verification of gridded satellite precipitation is discussed. The FFG Systems
utilize two different satellite precipitation estimates: (a) the Global HydroEstimator (GHE) and
(b) the Microwave-adjusted Global HydroEstimator (MWGHE). The former is an operational
product provided by the U.S. NOAA National Environmental Satellite Data Information Service
(NESDIS). The MWGHE product is produced by the Hydrologic Research Center and utilizes
the microwave-based CMORPH satellite precipitation product of U.S. NOAA Climate Prediction
Center (CPC) to make an adjustment to the GHE product based on the differences in the GHE
and CMORPH estimates of precipitation. The CMORPH product is not used in FFG System
operations directly due to its relatively long latency for purposes of flash flood warning
generation. The CMORPH latency (the time between observation and when the product is
available) is on the order of 18-26 hours. The GHE product is available within 20 minutes of the
observation.
The next section discusses the data and their attributes that are relevant for the verification. In
the following section, the methodology for verification of the satellite precipitation estimates is
outlined and discussed. This includes the computation of various measures of the statistical
properties of the satellite versus gauge regional average precipitation, as well as quantifying bias
in the satellite estimates. Examples of the analyses using information from the countries of
Myanmar and India follow. These specific examples were chosen to illustrate a data-rich case
and a data-sparse case. In the country of India, there was a relatively dense on-site gauge
network with data from nearly 3000 stations provided, whereas there were relatively few on-site
gauges in Myanmar with data from only 30 stations provided (from 913 to 44 sites/mill km2).
5

3.1.1 Necessary Data
Quality-controlled on-site gauge precipitation is used within a region of interest and for a
historical period of overlap in the gauge and satellite data for the verification of the gridded
satellite precipitation products, The general concept is to compare regional average precipitation
based on the satellite with the regional average precipitation based on gauge for specific months
or seasons and quantify persistent differences (biases) in the satellite precipitation. It is
important to note that the satellite and the on-site gauge sensors measure different quantities at
very different spatial scales. Satellite sensors estimate precipitation based on observations of
radiation characteristics of the clouds and/or hydrometeors in the atmosphere, which are then
translated to surface precipitation rates (e.g., mm/hr) based on empirical relationships. The
resolution of the satellite precipitation estimates is approximately 4km (on the side) in the case of
the GHE and 8km (on the side) in the case of CMORPH, from which a 4km (on the side)
estimate of Micro-Wave-adjusted GHE is produced for the FFGS. The satellite estimates
therefore represent an average precipitation rate over 16 km2. Rain gauges on the other hand
measure liquid water falling into a bucket with a diameter of about 20 cm (for the standard U.S.
National Weather Service rain gauge). Therefore, the use of regional averages is made to bring
the two disparate observational spatial scales to a common level for comparison.
A second important issue is the quality control of the on-site gauge data. If significant errors
exist in the gauge record, this will contaminate the analysis designed to quantify the regional
errors or the bias in the satellite precipitation estimates. Therefore, quality control checks of the
gauge records are critical in deciding which gauges will be used for the verification analysis.
Suggestions and examples for quality control checks will be given below.
The available record of satellite estimates without modification of algorithm for both GHE and
MWGHE spans the period: May 2012 – present. The record of the quality controlled on site
precipitation gauges should match that.
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3.1.2 Methodology for gridded satellite precipitation verification
Steps for the verification of gridded satellite precipitation using on-site gauge observations are
outlined below.
(i)

Within the domain of the regional FFGS implementation, identify the analysis
regions with similar hydroclimatology, terrain morphology and land-surface
cover. This is so that the precipitation data records should have similar
distributional characteristics for stations within an analysis region. The final
definition of such regions should also consider the number of available on-site
gauges to allow for statistically significant results. Often National Meteorological
and Hydrologic Services (NMHSs) have predefined climatological regions within
their countries and these may serve as a starting point for defining such subregions. Lastly, information on the gauge locations such as elevation may aid in
segregating the gauge locations based on topography.

(ii)

For each region, collect the historical on-site gauge data for the period
corresponding to satellite record (May 2012 – present). The analysis may be done
for different temporal resolutions of the precipitation data. Frequently there are
more historical data available for gauging stations with daily resolution. If an
adequate record of higher resolution data, e.g., 1-, 3- or 6-hourly precipitation
data is available for a good number of raingauges in a region, it could be used.
Analysis with coarser resolution data, such as monthly total precipitation is much
less relevant for flash flooding. Real time dynamical bias adjustment (to be
discussed in a later section) bridges the gap between the initial bias adjustment of
scales of a day to the real-time data resolution of 6 hours or finer. The station
coordinates and other characteristics such as elevation of the gauge locations is
required to: (a) aid in defining analysis regions within the FFGS domain; and (b)
to identify the corresponding satellite pixels which embed the gauge locations.
This information should be collected with the historical record.

(iii)

Perform quality control of gauge data within each analysis region and remove any
gauge records of poor quality. Precipitation data for stations within a region
7

defined as hydroclimatically similar should have similar distributional
characteristics. This may be explored through simple statistics for each gauge
record, or through plots such as the cumulative distribution function (CDF) curve
or annual cycle in mean monthly precipitation. Gauges with a large fraction of
missing data or with erroneous data should be removed before comparison with
the satellite data.
(iv)

Collect the satellite precipitation estimates for each region and for each satellite
pixel that embeds each gauge location. The satellite estimates are available with
hourly resolution. The hourly estimates are summed to the same period as
represented by the gauge data (e.g., daily or 6hourly) and are used to form a table
of satellite pixel precipitation time series. An analogous table is created for the
on-site gauge precipitation data time series. It is essential to know the time
duration and reported time that is represented by the gauge data. Frequently the
daily on-site gauge data is reported ending at 0600. It is critical to know whether
the gauge data is reported in local time or in UTC, so that the satellite data are
summed for the same time duration as the gauges.

(v)

Compute the regional average precipitation for each analysis region and each time
(one line of the tables mentioned above) based on: (a) the selected gauges, and (b)
the satellite pixel estimates (both GHE and MWGHE independently)
corresponding to the location of the selected gauges. The regional average
precipitation for each analysis region is computed as a simple arithmetic average
of the non-missing gauge/pixel values on the common temporal resolution (e.g.,
daily or 6-hourly). For each time step, there will be three regional average values:
(a) gauge-based, (b) GHE-based, and (c) MWGHE-based.

(vi)

Compare the regional average precipitation and compute various precipitation
statistics of the regional average precipitation over each analysis region. The
statistics may include the annual, seasonal or monthly mean and standard
deviation for both the gauge-based and satellite-based precipitation estimates.
This gives an indication of whether the satellite estimates reproduce the
8

magnitude and variability of the observed precipitation. This is likely to vary
monthly or seasonally. Another statistic often computed is the fraction of nonzero precipitation or of the precipitation exceeding various thresholds. This gives
an indication of whether the satellite precipitation data represent well the
frequency of gauge precipitation within the analysis region.
(vii)

Compute bias factors for each analysis region within the FFGS domain. The
development of bias factors considers the ratio of the gauge-based regional
average precipitation to the satellite-based regional average. Due to the nonGaussian distribution of the precipitation ratio, the analysis uses a natural log
transformation of the precipitation ratio, which is called the log-bias. Bias factors
are then developed on a monthly, seasonal or overall-mean basis for each analysis
region. Depending on the data record length, single bias factors based on overall
averages that cover the range of values of the satellite data for the given analysis
region and the given season may be computed, or, for longer data records, several
bias factors may be computed for each region and season corresponding to a set of
predetermined quantiles of the satellite precipitation distribution. Deciles may be
used for long records, while terciles may be used for shorter records. The purpose
of the bias factors is to quantify the adjustment required to modify the satellite
precipitation data for the corresponding region and season (and quantile if
appropriate) to be more similar in distribution to the corresponding observed
gauge precipitation. HRC executable software (and the corresponding User’s
Guide) is distributed to trainees during the training sessions of the FFGS
implementation period to enable them to develop bias factors in the future when
more data is available or for other applications (such as for the adjustment of
gridded mesoscale precipitation forecasts). The software also computes the
unadjusted and adjusted satellite data verification statistics.

(viii) The bias factors are multiplicative factors that are applied as follows:

̂𝑔 = 𝐵𝐹 ∗ 𝑅𝑠𝑎𝑡
𝑅

(3.1)
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where 𝑅̂𝑔 is the corrected regional-average satellite precipitation (that has the
same temporal average as the temporal average of the gauges), 𝑅𝑠𝑎𝑡 is the original
satellite-estimated regional average precipitation, and BF is the estimated bias
factor. This relationship applies to each analysis region and season, as well as for
each quantile of log-bias estimation (see step vii above). The magnitude of the
bias factor indicates whether the satellite is over-estimating the observed
precipitation (and needs to be reduced by a bias factor less than 1), or underestimating the observed precipitation (and needs to be increased with a bias factor
greater than 1), or if no adjustment is needed (bias factor = 1).

In the following sections, two examples of the satellite precipitation analysis are given: first,
from the country of Myanmar and, second, from the country of India. In Myanmar, a relatively
small number of stations with historical data was available for the precipitation analysis. For
India, there was a significant number of stations with historical data available (nearly 3,000
stations), and with such a large number of stations, the effort for station data quality control and
for defining appropriate sub-regions was more significant.

3.1.3 Example Application of Methodology for Myanmar
For Myanmar, daily precipitation data for a total of 30 stations was provided by the Myanmar
Department of Meteorology and Hydrology (DMH). DMH confirmed that their daily data was
reported from 0300 UTC the previous day to 0300 UTC on the day of the report. Given the
relatively low number of stations, supplementation of the Myanmar DMH data with historical
daily data from the National Climatic Data Center (NCDC) Global Summary of the Day (GSOD)
archive was explored (GSOD archive available online at
https://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD). Figure 3.1 presents the
location of the country-provided (red symbols) and NCDC (purple symbols) stations. Several
country-provided stations were co-located or shared the same name as the NCDC stations within
Myanmar. The data of these stations were inter-compared.
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3.1.3.1 Definition of climatological sub-regions
Literature review on the climatology of Myanmar indicated that there were earlier delineations of
general climate zones. Notably, the central part of the country, along the Irrawaddy River, has
low annual precipitation and is referred to as ‘the dry zone’. The plateau in the eastern part of
the country, known as the Shan State, is also important, as are the mountainous regions with
higher annual rainfall. Figure 3.2 depicts a grouping of the Myanmar climate zones. This map
formed the basis to define the initial climate sub-regions for Myanmar. Figure 3.3 shows the
stations divided into six initial climate regions, by varying symbol color: (a) western, (b)
northern, (c) eastern highland (Shan State), (d) dry zone, (e) delta region, and (f) south-east.
Myanmar’s precipitation climate is dominated by the Monsoon, with 80% of its annual
precipitation occurring during this season. Generally three seasons are defined in Myanmar: (a)
the monsoon season from (late) May through October, (b) the winter season from November to
February, characterized as cold and dry, and (c) the summer season from March to early May,
characterized as hot and dry.

Figure 3.1:

Location of precipitation stations in and near the country of Myanmar with
historical data available for precipitation analysis. The red symbols are stations
from Myanmar DHM; purple stations are from the NCDC GSOD archive.
11

Figure 3.2:

Climatological zones within Myanmar
(from: http://bytelife.altervista.org/monsoon.htm).

Figure 3.3:

Precipitation stations divided into initial climate sub-regions (by varying symbol
color).
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The onset and withdrawal of the monsoon season in Myanmar varies with latitude as the
monsoon penetrates into (and departs from) the country. The onset varies from early-mid May in
the south, to early June in the north. The seasonality of precipitation and the monsoon is an
important consideration when defining seasonal precipitation bias factors.

3.1.3.2 Gauge data quality control
This example for Myanmar illustrates an important consideration in gauge quality control when
the historical precipitation data comes from different sources. In this case, the sources of the
gauge precipitation data were two: the country of Myanmar and the Global Summary of the Data
(GSOD) archive. In other regional FFG systems, the historical precipitation data comes from
different participating countries, or different agencies within the same country such as
departments of meteorology, hydrology, irrigation and/or agriculture. Each department may
maintain their own set of gauges with their own maintenance and quality control procedures, and
thus the quality of the data may vary. Prior to any verification or bias analysis, the quality of
data from each source must be considered and evaluated to assure that the data sets can
reasonably be used together in the analysis.
As a first example, Figure 3.4 presents the time series and cumulative distribution function
(CDF) curves for the same station in the Myanmar (#48062) and GSOD (#480620) archives. The
station is located at Sittwe, Myanmar. The GSOD data had a shorter record, which included only
the last 2 years of record compared to the country provided data (in this plot from 2012 through
2016). The time series plot also shows different values for the same dates in the two archives.
This may be related to quality control of the datasets. The short record for the GSOD archive
was persistent across all Myanmar gauges. Also the PDF plots showed lower precipitation values
for the GSOD archive (likely because of the short record). Therefore, in this case, a decision was
made to not utilize the GSOD data for Myanmar.

13

Figure 3.4:

Time series and CDF curve of daily precipitation for station 48062 (480620),
Sittwe, Myanmar, from the DHM data (blue lines) and the GSOD archive (red
line).

The GSOD data for other countries adjacent to Myanmar did not have short records. Figure 3.5
presents similar timeseries, CDFs, and the monthly average precipitation plots for the eastern
highland (Shan State) of Myanmar using the GSOD stations in adjacent Thailand and China and
the Myanmar DHM gauges. The data records cover the same period. These plots show that
these stations have reasonably similar CDF shapes and patterns in the annual cycle of
precipitation shown by the monthly average daily precipitation plot. In that case they may be
combined for analysis.

Figure 3.5:

Timeseries, CDF curves, and monthly means of daily precipitation (mm/day) for a
set of stations in eastern highland Myanmar.
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Figure 3.6 shows analogous plots for the southeast region where one station’s CDF and monthly
mean values differ significantly from those of the other gauges. In these plots, station 485320 is
shown in green and has monthly mean values much higher than the other stations while its CDF
curve is clearly different from those of the remaining stations. This station should be removed
prior to further analysis with the satellite data as it does not appear to be representative of
precipitation in the region and would bias the satellite analysis results. Inspection or
consideration of other characteristics of such “outlying” stations is useful in making the decision
to remove a given station. In this example, the station location is the furthest south in the region
and its elevation/aspect may be significantly different than that of other stations, which may
explain the higher precipitation rates. However, even if the data is reliable for this station, there
is no other station with similar characteristics in the region and the said station inclusion in the
regional analysis will make for a spatially inhomogeneous sample.

Figure 3.6:

Time series, CDF curve, and monthly mean of daily precipitation (mm/day) for
the set of stations in southeastern Myanmar.

On the CDF plots of Figures 3.4-3.6, a few summary statistics are given for each station which
are useful in considering the gauge data quality control. These include:
(a) Fraction of missing data (FrcMiss) – computed as the ratio of time steps with missing
values to all time steps in the record (in the Myanmar example there is daily data
resolution). This identifies stations with significantly higher numbers of missing
data, which may be cause to remove the station from analysis (otherwise a temporally
inhomogeneous sample will result).
15

(b) Fraction of time steps with no precipitation (FrcZero) – computed as the ratio of time
steps with zero values to all non-missing-value time steps. This may indicate if a
station has a higher (few time steps with precipitation) or lower rate of precipitation
than the remaining stations.
(c) Number (or fraction) of time steps with positive precipitation (NumPos) – computed
as the count of time steps with precipitation > 0 mm/day (or as the ratio of time steps
with precipitation > 0 to all non-missing-value time steps). This helps identify if the
frequency of precipitation occurrence at a given station is different than that of the
remaining stations.
(d) Maximum precipitation (Pmax) – is simply the maximum value of precipitation in the
record. This helps to identify gross errors in the precipitation record. One example
where this identified errors in the record occurred when values of 999.0 mm/day were
in the historical record. A daily precipitation value of 999.0 mm/day was considered
unreasonable for the region, so this Pmax value stood out. In the example, the
precipitation values were actually missing and should have been flagged with a
negative sign (-999.0). This was corrected in the record prior to the analysis.
It is noted that individual errors in the record, such as transposition of numbers on data entry (if
manually edited), such as from 13 mm/day to 31 mm/day, would not be identified through such
quality control methods. Station to station comparison for stations within a reasonable distance
from each other (appropriate distances depend on the scale of events typical for the region;
within a kilometer for convective rainfall events, and a few kilometers for stratiform rainfall
events) may elucidate potential errors in the records over a range of precipitation values, not just
for the extreme values.

3.1.3.3 Comparison of regional average precipitation from gauges, GHE, and MWGHE
Once the final set of quality-controlled gauges are identified for each sub-region, the time series
of regional average precipitation based on gauges, GHE, and MWGHE may be computed.
Figure 3.7 shows the time series of regional average precipitation for one region of Myanmar.
16

Figure 3.7:

Time series of regional average daily precipitation for Region 01 of Myanmar.

The occurrence of precipitation events appears to be well captured by the GHE and MWGHE.
The GHE appears in this time series to produce heavier precipitation events than the gauges do,
while the MWGHE produces lighter events. This is verified from the computed average positive
precipitation from each of the gauge, GHE, and MWGHE records. As presented on Figure 3.7,
the average positive precipitation is 9.45 mm/day for the gauge, 10.6 mm/day for the GHE and
7.3 mm/day for the MWGHE.
Figure 3.8 presents the frequency of occurrence for precipitation exceeding various thresholds:
(a) 0 mm/day, (b) 5 mm/day, and (c) 25 mm/day. Interestingly, the GHE regional average underestimates the frequency of positive precipitation and precipitation > 5 mm/day, but overestimates the frequency of higher precipitation (> 25 mm/day). The MWGHE regional average
under-estimates the frequency of precipitation at all thresholds (only slightly for the 0 mm/day
threshold), and at the highest threshold, the frequency of occurrence is under-estimated by nearly
half.
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(a)
Figure 3.8:

(b)

(c)

Frequency of precipitation exceeding various thresholds (mm/day): (a) 0, (b) 5,
and (c) 25.

Figure 3.9 presents the monthly average of the regional precipitation over the year in mm/day.
This shows that the annual cycle of precipitation is well represented by the GHE and MWGHE.
The over-estimation of the GHE comes largely from the over-estimation during the peak months
of July and August, with a slight under-estimation during dry months. The MWGHE shows
under-estimation throughout the months of May through October.

Figure 3.9:

Annual cycle of monthly average regional precipitation for Region 01, Myanmar.
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3.1.3.4 Development of bias factors and verification statistics
The computation of bias factors and other verification statistics is facilitated by HRC-developed
executable software that computes regional average precipitation at the resolution of the
historical record (e.g., daily or 6-hourly) based on a selected set of gauges and the corresponding
satellite pixels, and then computes the log bias ratio at that time resolution. The software
determines a set of bias factors, which adjust the distribution of the satellite regional
precipitation towards the distribution of the gauge-based regional precipitation based on division
of the satellite precipitation distribution into set quantiles (either deciles or terciles). The
resulting set of bias factors or corrections vary with the magnitude of the satellite precipitation.
This software may be applied to different regions within the FFGS domain of interest for
different months or different seasons, and is applied for the GHE and MWGHE satellite
estimates independently. In this section, example output files from the software are presented to
illustrate the variation in bias factors for the different satellite estimates, by season and by subregion, and to also present verification statistics for the satellite precipitation both pre- and postadjustment.
Table 3.1 presents the bias factor analysis output for two software runs: the top table shows the
results for the GHE estimates, and the bottom table shows the results for the MWGHE estimates.
Table 3.1 is for the western, coastal region (Myanmar and Bangladesh) with a total of 9 stations
in the region, and for the dry season, defined as November through April. Each table has four
parts, separated by dashed lines.
The top section identifies the conditions of the run, including the satellite data source (ghe or
mwghe), the months included in the analysis, a minimum number of valid (non-missing) data
pairs and minimum precipitation amount. The latter two conditions identify the times included in
the computation of the spatial average. This section also presents the number of valid time steps
(days in this case) for which the conditions set were satisfied and which contribute to the bias
estimation and verification scores. It is important to maintain at least 7-10 points in each quantile
for stable averages for the quantile. For deciles this means a total of at least 70-100 time steps,
while for terciles this means a total of at least 21-30 time steps.
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The second section tabulates the bias factor output with 3 columns. The first 2 columns give the
range of the satellite precipitation in mm per time step (e.g., mm/day), and the third column gives
the determined bias factor for the given range in precipitation. The next two sections give
residual verification statistics before and after applying the bias factors (the 3rd and last sections,
respectively). Appendix A provides statistics and residual/anomaly definitions.
For this western coastal sub-region during the dry season, the results (Table 3.1) indicate that the
GHE over-estimates the regional observed (gauge) precipitation with bias factors ranging from
about 0.1 to 0.73. Since the bias factors are significantly lower than 1 for low precipitation, the
over-estimation is relatively large for low precipitation. Looking at the residual mean statistics,
the residual mean changes from -2.02 mm/day with the unadjusted satellite estimates, to -0.19
mm/day after the adjustment is applied. The results indicate much more low precipitation than
actually exists (a drizzle effect) by the GHE. Post adjustment, the residual mean (overestimation) is reduced with the application of the factors by an order of magnitude. Adjustment
also reduced significantly the residual standard deviation from 8.3 to 5.6 mm/day.
For the same region and season, the MWGHE shows under-estimation for lower precipitation
(0.34 - 3.20mm/day) and over estimation for the higher precipitation (> 3.20 mm/day). The
verification residual mean for unadjusted MWGHE estimates is -0.75 mm/day while the same
measure for adjusted MWGHE estimates is -0.06 mm/day. The residual variance was also
reduced post adjustment from 6.2 mm/day to 4.6 mm/day. For both MWGHE and GHE
adjustment produced more balanced extreme errors (shown in the table as residual precipitation
max and min values).
Table 3.2 presents the bias analysis and verification statistics output for the same coastal region
as in Table 3.1 but for the wet season, defined as: June through September. It is noted that for
this season, both the GHE and MWGHE under-estimate the observed precipitation as indicated
by bias factors greater than 1.0. In fact, there is substantial under-estimation by the MWGHE
with bias factors greater than 2.0. In both cases, the overall bias, represented by the mean
residual, is reduced with the application of the bias factors, from 10.8 mm/day to 0.36 mm/day
for the GHE and from 18.5 to 0.44 mm/day for the MWGHE. After adjustment, the residual
statistics are quite similar, with residual standard deviations ranging from about 19 mm/day
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(MWGHE) to 22 mm/day (GHE) when the gauge spatial-average standard deviation is 26
mm/day.
Table 3.1:

Output of the bias analysis software for the western, coastal region (Myanmar and
Bangladesh) for the dry season (November – April).

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 102
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

ghe

final_R01_24HR

MONTHS OF ANALYSIS:

11 12

1

2

3

4

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

6

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.00
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

101 OUT OF

786 TOTAL DATES

-------------------------------------------------0.00,

0.27,

0.0095113

0.27,

0.49,

0.1010723

0.49,

0.83,

0.5709216

0.83,

1.52,

0.5702311

1.52,

2.47,

0.6439963

2.47,

3.46,

0.6062149

3.46,

4.64,

0.6289419

4.64,

6.74,

0.6487479

6.74,

10.21,

0.7336501

10.21,1000.00,

0.6183152

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-2.0237 OBSERVATIONS MEAN:

2.9466

PRECIPITATION RESIDUAL STD :

8.3039 OBSERVATIONS STD :

3.9267

PRECIPITATION RESIDUAL MAX :

18.6087 OBSERVATIONS MAX :

19.3687

PRECIPITATION RESIDUAL MIN :

-52.4040 OBSERVATIONS MIN :

0.0012

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-0.1905 OBSERVATIONS MEAN:

2.9466

PRECIPITATION RESIDUAL STD :

5.5821 OBSERVATIONS STD :

3.9267

PRECIPITATION RESIDUAL MAX :

18.9354 OBSERVATIONS MAX :

19.3687

PRECIPITATION RESIDUAL MIN :

-28.9365 OBSERVATIONS MIN :

0.0012

--------------------------------------------------
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Cont’d

Table 3.1:

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 202
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

mwghe

final_R01_24HR

MONTHS OF ANALYSIS:

11 12

1

2

3

4

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

6

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.00
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

116 OUT OF

786 TOTAL DATES

-------------------------------------------------0.00,

0.23,

0.0239740

0.23,

0.34,

0.8912799

0.34,

0.49,

1.3885661

0.49,

0.76,

1.2995462

0.76,

1.45,

1.2565351

1.45,

2.26,

1.0974622

2.26,

3.20,

1.0565861

3.20,

5.17,

0.9394373

5.17,

9.26,

0.8928107

9.26,1000.00,

0.6973498

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-0.7508 OBSERVATIONS MEAN:

2.8964

PRECIPITATION RESIDUAL STD :

6.2119 OBSERVATIONS STD :

3.7757

PRECIPITATION RESIDUAL MAX :

14.9617 OBSERVATIONS MAX :

19.3687

PRECIPITATION RESIDUAL MIN :

-45.3886 OBSERVATIONS MIN :

0.0012

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-0.0575 OBSERVATIONS MEAN:

2.8964

PRECIPITATION RESIDUAL STD :

4.5815 OBSERVATIONS STD :

3.7757

PRECIPITATION RESIDUAL MAX :

14.8444 OBSERVATIONS MAX :

19.3687

PRECIPITATION RESIDUAL MIN :

-28.9037 OBSERVATIONS MIN :

0.0012

--------------------------------------------------
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Table 3.2:

Output of the bias analysis software for the western coastal region (Myanmar and
Bangladesh) and for the wet season (June – September).

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 104
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

ghe

final_R01_24HR

MONTHS OF ANALYSIS:

6

7

8

9

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

6

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.00
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

544 OUT OF

610 TOTAL DATES

-------------------------------------------------0.00,

3.78,

1.3375357

3.78,

5.85,

1.4440025

5.85,

8.32,

1.6537187

8.32,

11.13,

1.7220143

11.13,

15.05,

1.7619431

15.05,

18.73,

1.7372408

18.73,

24.37,

1.6643294

24.37,

32.95,

1.5316416

32.95,

45.07,

1.4802598

45.07,1000.00,

1.3786129

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

10.8340 OBSERVATIONS MEAN:

31.3830

PRECIPITATION RESIDUAL STD :

21.0105 OBSERVATIONS STD :

26.8262

PRECIPITATION RESIDUAL MAX :

90.8427 OBSERVATIONS MAX :

176.7062

PRECIPITATION RESIDUAL MIN :

-56.2237 OBSERVATIONS MIN :

0.0012

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

0.3664 OBSERVATIONS MEAN:

PRECIPITATION RESIDUAL STD :

23.0881 OBSERVATIONS STD :

26.8262

PRECIPITATION RESIDUAL MAX :

76.1314 OBSERVATIONS MAX :

176.7062

PRECIPITATION RESIDUAL MIN :

-103.4140 OBSERVATIONS MIN :

0.0012

--------------------------------------------------
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Table 3.2:

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 204
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

mwghe

final_R01_24HR

MONTHS OF ANALYSIS:

6

7

8

9

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

6

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.00
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

543 OUT OF

610 TOTAL DATES

-------------------------------------------------0.00,

2.22,

1.6563253

2.22,

3.48,

2.4107230

3.48,

5.39,

2.7184711

5.39,

6.85,

2.7538168

6.85,

8.72,

2.9948733

8.72,

11.20,

2.9380059

11.20,

14.43,

2.7696121

14.43,

19.63,

2.5733531

19.63,

28.55,

2.3962178

28.55,1000.00,

2.0599403

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

18.4728 OBSERVATIONS MEAN:

31.4295

PRECIPITATION RESIDUAL STD :

18.6729 OBSERVATIONS STD :

26.8290

PRECIPITATION RESIDUAL MAX :

105.5089 OBSERVATIONS MAX :

176.7062

PRECIPITATION RESIDUAL MIN :

-38.2668 OBSERVATIONS MIN :

0.0012

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

0.4425 OBSERVATIONS MEAN:

PRECIPITATION RESIDUAL STD :

18.6382 OBSERVATIONS STD :

26.8290

PRECIPITATION RESIDUAL MAX :

62.4486 OBSERVATIONS MAX :

176.7062

PRECIPITATION RESIDUAL MIN :

-96.2491 OBSERVATIONS MIN :

0.0012

--------------------------------------------------
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31.4295

As a final comparison, Table 3.3 presents the bias analysis output for a different sub-region, the
northern, mountainous sub-region of Myanmar, and for the wet season. For this region, the GHE
indicates an over-estimation of the observed precipitation with bias factors in the range of 0.6-0.7
and with small variations in the bias factors over the range of satellite precipitation values. The
analysis for MWGHE shows, again, an under-estimation with bias factors in the range of 1.17 to
1.36.
These three sets of tables indeed indicate that the satellite may over- or under-estimate the
observed precipitation as given by the gauge record. The effort to verify the gridded satellite
estimates using this methodology can give a good understanding of the magnitude of such overor under-estimation by the satellite, and how this changes seasonally and regionally.
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Table 3.3:

Output of the bias analysis software for the mountain region of Myanmar and for
the wet season (June – September).

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 104
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

ghe

final_R02_24HR

MONTHS OF ANALYSIS:

6

7

8

9

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

6

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.10
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

429 OUT OF

610 TOTAL DATES

-------------------------------------------------0.00,

6.30,

0.2767210

6.30,

8.28,

0.5905380

8.28,

10.60,

0.6443045

10.60,

13.16,

0.6361587

13.16,

15.89,

0.6536419

15.89,

18.32,

0.6865314

18.32,

22.06,

0.6800564

22.06,

26.68,

0.6807117

26.68,

34.66,

0.6985456

34.66,1000.00,

0.7229897

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-5.9097 OBSERVATIONS MEAN:

12.3428

PRECIPITATION RESIDUAL STD :

11.7973 OBSERVATIONS STD :

9.4051

PRECIPITATION RESIDUAL MAX :

33.0875 OBSERVATIONS MAX :

71.6122

PRECIPITATION RESIDUAL MIN :

-82.1778 OBSERVATIONS MIN :

0.0014

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-0.1676 OBSERVATIONS MEAN:

12.3428

PRECIPITATION RESIDUAL STD :

9.7853 OBSERVATIONS STD :

9.4051

PRECIPITATION RESIDUAL MAX :

37.6283 OBSERVATIONS MAX :

71.6122

PRECIPITATION RESIDUAL MIN :

-49.6629 OBSERVATIONS MIN :

0.0014

--------------------------------------------------
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Table 3.3:

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 204
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

mwghe

final_R02_24HR

MONTHS OF ANALYSIS:

6

7

8

9

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

6

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.10
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

423 OUT OF

610 TOTAL DATES

-------------------------------------------------0.00,

2.94,

0.5439710

2.94,

4.54,

1.1674274

4.54,

5.36,

1.2406017

5.36,

6.66,

1.2790415

6.66,

7.79,

1.3392211

7.79,

9.70,

1.3604234

9.70,

12.23,

1.2761720

12.23,

15.04,

1.2519778

15.04,

19.06,

1.2449952

19.06,1000.00,

1.3078589

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

2.7337 OBSERVATIONS MEAN:

12.7470

PRECIPITATION RESIDUAL STD :

8.0079 OBSERVATIONS STD :

9.5108

PRECIPITATION RESIDUAL MAX :

57.0467 OBSERVATIONS MAX :

71.6122

PRECIPITATION RESIDUAL MIN :

-20.4073 OBSERVATIONS MIN :

0.0017

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-0.0704 OBSERVATIONS MEAN:

12.7470

PRECIPITATION RESIDUAL STD :

8.8286 OBSERVATIONS STD :

9.5108

PRECIPITATION RESIDUAL MAX :

53.4782 OBSERVATIONS MAX :

71.6122

PRECIPITATION RESIDUAL MIN :

-38.5667 OBSERVATIONS MIN :

0.0017

--------------------------------------------------
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3.1.4 Example Application of Methodology for India
As opposed to the relatively small number of gauges available for Myanmar, India with a larger
land area, has a very significant number of gauges provided by the India Meteorological
Department (IMD) for historical bias and verification analysis. It is noted that Myanmar and
India cover similar latitudes. India is part of the South Asia Flash Flood Guidance System.

3.1.4.1 Definition of climatological regions
Figure 3.10 shows a map of India with the gauge location provided by the IMD (colored filled
circles). Daily precipitation data from 2774 gauge locations were provided, covering the period
January 2012 through December 2017. IMD has defined 36 “climate zones” within the country,
which are represented by the different colored symbols in the figure. These climate zones were
used as the initial regions for the analysis of the satellite precipitation bias and verification.

Figure 3.10: Location of precipitation gauges with historical daily data from India, provided
for satellite precipitation bias analysis. Different colors indicate different regions.
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3.1.4.2 Gauge data quality control
Before the analysis of the satellite data relative to the gauge data, the quality and
representativeness of the gauge data was checked. The objective was to ensure the gauge data
used for comparison with the satellite data is of good quality, without significant missing data or
erroneous values, and secondly to ensure the gauges selected within a region have statistics that
are reasonably similar (ensuring, as much as feasible, spatial and temporal homogeneity within
each region). A first pass of the data eliminated stations with high fraction of missing data and,
in the case of co-located stations keeping one station as representative of the location. A total of
2238 stations remained after this first pass.
A first example, Figure 3.11 shows the stations in the region of Jamma and Kashmir in
northwestern India (IMD climate region 15), along with plots of the fraction of missing data and
the average daily precipitation each month of the year for each station. As an example of a
station with a high fraction of missing data, the missing data plot (middle plot) shows one of the
initial set of stations having a missing fraction of nearly 1 (100%). This station would not add to
the analysis and was immediately eliminated. The remaining stations have less than 10%
missing data over the historical record.

Figure 3.11: Location, fraction of missing data, and annual cycle of average daily precipitation
for stations in the Jammu and Kashmir region of India.
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The last plot in Figure 3.11, showing the annual cycle of precipitation (daily average each month
of the year), reveals that these stations have initial peaks in February-March, and then five
stations have secondary peaks between 10-20 mm/day in July-August where the remaining
stations have lower, wider peaks from July-September. The precipitation character of these
stations appears to be different. Examining the stations, those with the higher magnitude average
precipitation in July-August are located in the southern part of this climate region where there is
a transition zone in the elevation from low elevations (< 500m) to the plateau elevations >
3000m. The remaining stations are in the higher elevations. Given the clear topographic
influence, these stations should be represented by different sub-regions. Further effort
considered the combination of stations with stations from adjacent IMD-defined climate regions.
A second example is shown in Figure 3.12, for the Assam and Meghalaya region of northeast
India. The initial set of stations included 60 stations in this region. This figure shows the
location, annual cycle of average daily precipitation, and the cumulative distribution function
(CDF) of daily precipitation for the 60 stations. These plots show that 3 stations have high
average precipitation (> 70 mm/day) in June-August compared to the remaining stations. The
CDF curves of these 3 stations are also high and separated from the remaining stations. These
stations do not have reasonably similar distribution to the remaining stations and should not be
included for this sub-region. The 3 stations are located close together in the southern part of this
sub-region, and at relatively higher elevation than many of the remaining stations. These stations
may be more similar in distribution to stations from the south (from northern Bangladesh).

Figure 3.12: Location, fraction of missing data, and annual cycle of average daily precipitation
for stations in the Assam and Meghalaya region of India.
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Figure 3.13 presents examples of additional gauge data quality control. A high fraction of
missing data indicates that the stations do not add information of the analysis of regional average
precipitation. Figure X13a shows the fraction of missing data for nearly 100 stations in a subregion. Five of the stations have fractions greater than about 0.7, and these are eliminated. For
the precipitation analysis, it is best to have a consistent set of gauges. Typically, the quality
control constraint for missing data is to eliminate stations with more than 50% missing data. In
this sub-region, there is a second set of stations with missing fraction between 0.35 and 0.5.
With ample historical data available in India, a strict constraint of having less than 35% missing
data was employed. Even with a strict constraint, the analysis continued with more than 70
stations.

(a)

(b)

Figure 3.13: Examples of (a) fraction of missing data and (b) accumulated precipitation (mm)
for a relatively large set of stations in India.

Figure 3.13b presents the accumulated precipitation from the beginning of the historical record,
and illustrates another different quality control issue. The ‘step-like’ increases in accumulated
precipitation results from precipitation events, and generally similar patterns are observed for
gauges within a sub-region. In this example, there is one gauge in this set which transitions to a
near diagonal line, as highlighted by the arrow. This suggests that there is nearly constant
occurrence of precipitation, which is not similar in the remaining gauges in the set. This may
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result from a gauge that is erroneously reporting precipitation when no precipitation occurred
(e.g., the gauge is “stuck”). Periods of invalid data may be eliminated by setting the values to
missing data (impacts the fraction of missing data), or the gauge may be completely removed
from subsequent analysis.
This section has provided some examples of quality control issues and of checking whether the
gauges within a sub-region have reasonably similar distributions and characteristics for the case
with a high number of stations with historical records available for analysis. The number of
stations available allowed for strict constraints on data quality and the ability to sub-divide or
combine certain sub-regions based on the characteristics of the precipitation records of the
gauge. This effort was repeated for all IMD climate regions and stations provided. Figure 3.14
shows the division of the stations into the final set of hydro-climatologically similar regions used
for the satellite precipitation bias analysis.

Figure 3.14: Final grouping of precipitation gauges to sub-regions for satellite precipitation
bias analysis.
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3.1.4.3 Development of climatological bias factors and verification statistics for India
After establishing the sub-regions of India, analysis of the satellite precipitation estimates and the
estimation of climatological bias factors and verification statistics was undertaken. For each
region, the satellite pixel estimates of precipitation were extracted from the gridded GHE and
MWGHE products for each location of the selected gauges. The satellite and gauge precipitation
was tabulated and prepared for use with the HRC-developed bias analysis and verification
statistics software. In this section and as illustrative examples, the results from two regions in
India are discussed.
The first example is for the northwest part of India, for stations in the transition elevation band
(piedmont areas). The location and annual cycle of average precipitation for this region is shown
in Figure 3.15. The stations of this region are highlighted in yellow. The annual cycle of
precipitations shows that the wettest part of the year is between June and September with the
peak months of July and August having average precipitation of 5 to more than 25 mm/day.

Figure 3.15: Location and annual cycle of average daily precipitation for selected stations in
the piedmont area of northwest India.
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The output of the analysis software for these months and for GHE and MWGHE is given in
Table 3.4. In this case, data from more than 200 valid dates contributed to the analysis.
Output for the piedmont region of northwest India for the wet season (June –

Table 3.4:

September).

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 102
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

ghe

X03f_24HR

MONTHS OF ANALYSIS:

6

7

8

9

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

19

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.00
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

274 OUT OF

732 TOTAL DATES

-------------------------------------------------0.00,

5.14,

0.9300820

5.14,

7.51,

1.1467029

7.51,

9.63,

1.1331793

9.63,

11.97,

1.1704373

11.97,

14.98,

1.1077960

14.98,

17.58,

1.0708547

17.58,

21.92,

1.0713736

21.92,

27.33,

1.0723808

27.33,

32.67,

1.1297460

32.67,1000.00,

1.0720696

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

1.4641 OBSERVATIONS MEAN:

19.7867

PRECIPITATION RESIDUAL STD :

15.3333 OBSERVATIONS STD :

14.1569

PRECIPITATION RESIDUAL MAX :

51.7782 OBSERVATIONS MAX :

72.3031

PRECIPITATION RESIDUAL MIN :

-57.6214 OBSERVATIONS MIN :

0.2045

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-0.2153 OBSERVATIONS MEAN:

19.7867

PRECIPITATION RESIDUAL STD :

15.9831 OBSERVATIONS STD :

14.1569

PRECIPITATION RESIDUAL MAX :

49.9855 OBSERVATIONS MAX :

72.3031

PRECIPITATION RESIDUAL MIN :

-65.5067 OBSERVATIONS MIN :

0.2045

--------------------------------------------------

34

Cont’d

Table 3.4:

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 202
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

mwghe

X03f_24HR

MONTHS OF ANALYSIS:

6

7

8

9

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

19

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.00
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

338 OUT OF

732 TOTAL DATES

-------------------------------------------------0.00,

4.66,

0.9138166

4.66,

6.90,

1.1857805

6.90,

8.34,

1.1321042

8.34,

9.74,

1.2436798

9.74,

11.77,

1.2541040

11.77,

14.62,

1.2305367

14.62,

17.39,

1.2229930

17.39,

21.21,

1.2518734

21.21,

30.71,

1.2683023

30.71,1000.00,

1.1478685

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

3.0144 OBSERVATIONS MEAN:

18.1146

PRECIPITATION RESIDUAL STD :

10.1564 OBSERVATIONS STD :

13.4926

PRECIPITATION RESIDUAL MAX :

38.2205 OBSERVATIONS MAX :

73.3061

PRECIPITATION RESIDUAL MIN :

-29.2224 OBSERVATIONS MIN :

0.1842

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-0.0370 OBSERVATIONS MEAN:

PRECIPITATION RESIDUAL STD :

10.8967 OBSERVATIONS STD :

13.4926

PRECIPITATION RESIDUAL MAX :

35.3525 OBSERVATIONS MAX :

73.3061

PRECIPITATION RESIDUAL MIN :

-42.2217 OBSERVATIONS MIN :

0.1842

--------------------------------------------------
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18.1146

The table of bias factors for different ranges of satellite precipitation (recall this table is the
second section of the output table) shows factors greater than 1, indicating that the GHE is
generally under-estimating the observed regional average precipitation. However, the bias
factors for the GHE are close to 1, ranging from 0.93 to 1.17. A small correction is needed for
the GHE estimates. For the MWGHE, the table of bias factors also generally indicates underestimation of the gauge-observed regional-average precipitation. The bias factors are larger than
the bias factors for GHE, indicating larger under-estimation of the observed precipitation by the
MWGHE. The verification statistics indicate that in both cases, the bias correction resulted in
large reductions of residual means, especially for the MWGHE (from 3 mm/day to -0.03
mm/day). No significant reduction in residual standard deviation (or variance) was indicated in
this case, but in general the MWGHE contributes to decreased variance in the residual errors.
Overall, there is large variability of errors associated with both the unadjusted and the adjusted
precipitation in this region and season, and the dynamic adjustment of the satellite precipitation
data in addition to the present climatological adjustment on the basis of historical data is
necessary in this case. Furthermore, forecaster experience with this region’s precipitation is
important for reliable use of the SAsiaFFGS products.
The second example is for the coastal southwestern part of India. The location of stations and
annual cycle of precipitation are shown in Figure 3.16. There are 119 stations defined in this
region, and, for each time step, approximately half of the stations (60) must have been reporting
non-missing data in order to include the data from this time step in the analysis.
The annual cycle of precipitation shows three relative peaks in the monthly average
precipitation: in May, August, and October-November The October-November peak is the
highest with record-length monthly average values ranging from about 3 mm/day to about 15
mm/day. It is notable that all the stations appear to exhibit the May and October-November
peaks while some do not exhibit the August peak.
Because of the frequent occurrence of rainfall in this region and the presence of many gauges,
the analysis software was run on a monthly basis between May through November. It was run
on a seasonal basis for the dry season between December and April. Table 3.5 presents the bias
analysis output for the month of October for the GHE and MWGHE estimates.
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(a)

(b)

Figure 3.16: Location and annual cycle of monthly-averaged daily precipitation for selected
stations in coastal southwestern India.

The bias factors for the GHE estimates indicate that the GHE significantly overestimates the
observed regional precipitation, with bias factors in the range of 0.28– 0.47. This is reflected in
the value of the residual mean prior to adjustment (-14.67 mm/day), as compared to the gauge
observed mean of 9.68 mm/day. After adjustment, the residual mean is reduced to -0.30
mm/day. The value of bias factors for GHE is smallest for the lower precipitation ranges,
indicating that the GHE over-estimation is largest for these low rainfall rates in October (rates to
~12 mm/day).
The bias factors for the MWGHE are in the range of 0.7-1.0. The MWGHE generally overestimates the observed regional precipitation for this sub-region and month, but is closer to the
gauge observed precipitation than the estimate. The residual mean for the MWGHE is -2.4
mm/day prior to adjustment, and reduced to -0.12 mm/day after applying the determined bias
factors. It is noted that for both GHE and MWGHE and for unadjusted and adjusted estimates
the satellite precipitation explains a portion of the gauge-observed precipitation variance
(residual standard deviations less than observed standard deviations).
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Table 3.5:

Output for coastal southwestern India for the month of October.

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 110
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

ghe

X33f_24HR

MONTHS OF ANALYSIS:

10

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

60

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.00
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

96 OUT OF

186 TOTAL DATES

-------------------------------------------------0.00,

10.52,

0.1446166

10.52,

12.14,

0.2859691

12.14,

13.83,

0.3097017

13.83,

17.11,

0.3405226

17.11,

19.99,

0.3793359

19.99,

23.57,

0.4139075

23.57,

26.91,

0.4109242

26.91,

34.62,

0.4065195

34.62,

50.39,

0.3998636

50.39,1000.00,

0.4728593

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-14.6747 OBSERVATIONS MEAN:

9.6812

PRECIPITATION RESIDUAL STD :

13.6330 OBSERVATIONS STD :

8.9342

PRECIPITATION RESIDUAL MAX :

9.1006 OBSERVATIONS MAX :

46.3756

PRECIPITATION RESIDUAL MIN :

-64.7467 OBSERVATIONS MIN :

0.3268

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-0.2962 OBSERVATIONS MEAN:

9.6812

PRECIPITATION RESIDUAL STD :

7.1415 OBSERVATIONS STD :

8.9342

PRECIPITATION RESIDUAL MAX :

19.4486 OBSERVATIONS MAX :

46.3756

PRECIPITATION RESIDUAL MIN :

-19.6369 OBSERVATIONS MIN :

0.3268

--------------------------------------------------
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Cont’d

Table 3.5:

DECILE BOUNDS AND BIAS FACTOR FOR PREC (V2)
RUN IDENTIFIER FOR OUTPUT FILES: 210
TYPE OF REMOTELY SENSED DATA:
BIAS REGION:

mwghe

X33f_24HR

MONTHS OF ANALYSIS:

10

MIN NO OF VALID PAIRS FOR BIAS ANALYSIS:

60

PRECIPITATION INTERVAL: 24 HRS
MIN PIXEL RAIN (MM/DT) FOR REGION AVERAGE: 0.00
AVERAGE OF DECILE VALUES USED FOR BIAS
TOTAL NUMBER OF VALID DATES IN ANALYSIS:

97 OUT OF

186 TOTAL DATES

-------------------------------------------------0.00,

4.43,

0.0000000

4.43,

5.13,

0.6713904

5.13,

5.97,

0.7412477

5.97,

6.76,

0.8204772

6.76,

8.38,

0.9657809

8.38,

9.43,

0.9972137

9.43,

12.68,

0.9438445

12.68,

17.74,

0.8007919

17.74,

27.19,

0.7625315

27.19,1000.00,

0.7975802

-------------------------------------------------PERFORMANCE STATISTICS BEFORE ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-2.4315 OBSERVATIONS MEAN:

9.5973

PRECIPITATION RESIDUAL STD :

7.2507 OBSERVATIONS STD :

8.8129

PRECIPITATION RESIDUAL MAX :

10.6628 OBSERVATIONS MAX :

46.3756

PRECIPITATION RESIDUAL MIN :

-42.1337 OBSERVATIONS MIN :

0.0000

-------------------------------------------------PERFORMANCE STATISTICS AFTER ADJUSTMENT
RESIDUAL = GAUGE - REMOTELY SENSED (MM/24HRS)
PRECIPITATION RESIDUAL MEAN:

-0.1201 OBSERVATIONS MEAN:

9.5973

PRECIPITATION RESIDUAL STD :

6.0817 OBSERVATIONS STD :

8.8129

PRECIPITATION RESIDUAL MAX :

15.4059 OBSERVATIONS MAX :

46.3756

PRECIPITATION RESIDUAL MIN :

-31.4333 OBSERVATIONS MIN :

0.0000

--------------------------------------------------
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The analysis of the satellite precipitation bias on a monthly basis indeed shows that the
determined bias factors, and therefore degree of over- or under-estimation of regional
precipitation by the satellites, may change each month and this is important to consider in the
verification of the gridded satellite estimates. The decision to consider monthly versus seasonal
variation is dependent on the frequency of precipitation and available precipitation gauges
reporting non missing values, such there is enough data considered (i.e., number of valid dates
used in the analysis), the variability of bias within a season, and the character of the annual cycle.

3.1.5 Verification Inferences from Real-Time Dynamic Bias Adjustment Results
In addition to the climatological bias adjustment accomplished using historical data (see previous
sections), the FFGS includes real-time dynamic bias adjustment algorithms to further correct the
individual large temporal deviations of the gauge-corrected satellite (or radar) precipitation data
from the gauge observed data. The bias adjustment uses the real-time estimate of the log-bias
quantity t at time t, defined by:

t = ℓn{∑ Rg(t,j) / ∑ Rs(t,j)}

(3.2)

In the previous relationship, t denotes the time step and j denotes the estimate or observation
from the jth satellite/radar pixel or gauge, respectively, contributing to the areal average for the
time step. ∑ represents the summation operator over the subscript j, and Rg(t,j) and Rs(t,j)
represent the precipitation observation from the gauge and the precipitation estimate from the
satellite or radar for time t and gauge or pixel j. The natural logarithm is denoted by ℓn{ }.
An adaptive Kalman Filter was designed for the real-time estimation of the log-bias t. The
Filter involves the prediction of the value of the log-bias for the future time steps and, after
observations are collected in real time, an update of the estimate of the log-bias. The Filter uses
estimates of the uncertainty in the predictions and observations of precipitation to develop the
estimates of the log-bias. A stable stochastic approximations algorithm that uses the statistical
properties of the real-time observations of residual errors in log-bias estimation to adaptively
adjust the required Filter parameters.
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This dynamic adjustment of bias is automated and there is no need for user intervention. As a
result of this FFGS component, estimates of the log-bias are obtained in real time, indicating the
required adjustments to the remotely sensed data beyond those incorporated in the climatological
bias adjustment discussed in previous sections. This temporal variation in the log-bias indicates
the nature of the temporal variability of the mean errors in the remotely sensed data as new
observations of precipitation become available. A bulk estimate of such variability was presented
earlier in the context of the analysis software output as the residual standard deviation of the
remotely-sensed precipitation data (last section in Tables 3.1 – 3.5).
An example of the temporal variation of the log-bias factor during real time hourly operations is
shown in Figure 3.17 for the Mozotal radar precipitation estimates in southern Mexico. The
mean value of the log bias and the corresponding standard deviation of the log-bias estimates are
shown as functions of time in the upper and lower panels of Figure 3.17, respectively.

Figure 3.17: Hourly variation of the mean value and standard deviation of the log-bias factor t
for the Mozotal radar in southern Mexico for the period 17 May 2011 through 22
October 2013
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Significant changes in log-bias, from values near zero to values of 2.5-3 are shown with a season
average of about 1.5 (corresponding to the climatological log-bias estimate), indicating mean
errors (bias) of 4.5 (severe underestimation of gauge precipitation by the radar precipitation prior
to adjustment), which range from near zero to more than 20. The radar station elevation of 3km
in the mountains and the location of the gauges a few hundred meters above sea level plus
electronic radar problems are mainly responsible for these high biases. It is noteworthy,
however, that the temporal variability of the log bias and, therefore, of the bias is very significant
during the wet seasons of the record, and dynamic bias adjustment is necessary. The standard
deviation is a small fraction of the mean value of the bias for all time steps, lending reliability to
the estimates. These verification measures may also be used by the forecaster to discern the
expected errors of the gauge-corrected remotely sensed data for certain regions.

3.2 FFGS MERGED MEAN AREAL PRECIPITATION (MAP) USING ON-SITE GAUGE
PRECIPITATION
In this section, verification of the FFGS product Merged MAP is discussed. The Merged MAP
product is computed based on estimates of satellite precipitation, radar precipitation (if included
in the regional FFG System), and real-time gauge precipitation. The Merged MAP incorporates
the climatological-bias adjustments to the satellite precipitation estimates from the GHE and the
MWGHE products (discussed in Section 3.1), an analogous analysis of any available radar
precipitation estimates, the definition of a hierarchy of bias-adjusted estimates for each region
(e.g., first use gauge-adjusted radar, then use gauge adjusted MWGHE if for the region radar
estimates are missing, etc.), and, finally, application of real-time dynamic bias adjustment based
on real-time gauge precipitation. The Merged MAP is the “best estimate” of current
precipitation available in real-time and is input to the hydrologic model components and flash
flood threat products of the FFGS.
Verification of the Merged MAP is possible using on-site gauge precipitation records if there is
sufficient density of the gauge network within or near a watershed (or watersheds) of interest
such that a reasonable estimate of the gauge-based observed mean areal precipitation over the
watershed may be computed. “Sufficient density” of the gauge network will depend on the size
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and geomorphological complexity of the watershed of interest. The gauge network should cover
the significant features and differences in precipitation over the watershed.
The steps for verifying Merged MAP using a relatively dense network of gauges are outlined in
the next section. An example of application is then given, using a relatively dense network of
gauges within or near the watershed of interest.

3.2.1 Methodology for Merged MAP Verification
The steps for verification of the FFGS Merged MAP product using on-site gauge observations
are outlined below.
(i)

Identify FFGS watershed(s) with a significant density of gauges located within or
very near the watershed. As mentioned, the requirement for a good density of
gauges within or near the watershed of interest is intended to produce a
representative watershed average that reflects the observed precipitation over the
watershed. This will depend on the size of the watershed and its
geomorphological complexity. With respect to computing a watershed average
with good quality data, the larger the number of gauges used, the lower the
uncertainty in the average value. In any case, it is recommended that the number
of gauges within a small watershed not be less than 4 gauges.

(ii)

Extract the Merged MAP for the selected watershed(s) in step (i) from the FFGS
archive corresponding to the overlapping period of record for the FFGS archive
and the gauge data. The FFGSs archive Merged MAP is typically for 1-, 3-, 6-,
and 24-hour durations. The extracted record should be used to match the duration
and reporting time of the on-site gauge records. Similarly to the consideration of
uncertainty in the gauge-based observed watershed average, the size of the FFGS
watershed of interest relates to the uncertainty in the FFGS Merged MAP
estimate. The GHE and MWGHE satellite estimates of precipitation are given
with 4km x 4km grid resolution. The grids covering a given watershed (based on
the grid centroids) are averaged to give the satellite-based watershed MAP. Thus,
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the smaller the watershed, the fewer grids are used in computing the watershed
MAP and the higher the uncertainty in the satellite-based MAP estimate. In the
FFG Systems, the average FFGS basin size (approximately 100-150 km2) is
designed such the 6-8 satellite pixels are used on average. Analogous provisions
for average basin side are made for cases when radar data is used (pixel resolution
down to 0.5-2 km on the side).
(iii)

Extract the gauge precipitation record for the period overlapping the available
FFGS archive.

(iv)

Compute the gauge-based mean areal precipitation (MAP) for the FFGS
watershed(s). The gauge-based MAP for the selected watershed(s) may be
computed in a variety of ways depending on knowledge or standard practices
within the region. For example, a very simple method to compute the mean areal
precipitation is an arithmetic average of the gauges. This may be appropriate if
the gauges are spatially uniformly distributed throughout the watershed. This
approach means that all gauges have an equal weight in determining the areal
average (MAP). Commonly used approaches to apply different weights to the
gauges when the gauges are non-uniformly distributed include: (a) the use of the
squared inverse distance from the gauge to the watershed centroid, (b) the use of
the Theissen polygon approach; (c) the use of a combination of distance weighted
with gauge-elevation weighted approaches for mountainous watersheds. In the
example given in Section 3.2.2, an inverse-distance-squared weighting is applied
with the distance defined from the gauge location to the watershed centroid
location. An alternative approach to computing the MAP from a select set of
gauges is to utilize the FFGS product, GMAP (gauge MAP), from the system
archive. GMAP is based on the real-time gauge precipitation data ingest into the
FFGS and represents the mean areal precipitation of each FFGS watershed
computed using an inverse-distance weighting of the real-time gauges with each
gauge having a specified range of influence. This would be appropriate for
sufficiently large FFG watersheds and a fairly dense network of real-time gauges
such that the FFGS watersheds are well covered by the real-time gauges. A
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significant caveat to this approach is that often there are additional station data
available, which are manually reported or simply not included with the real-time
gauges of the FFG System, and that there may not be adequate external real-time
quality control of the observations ingested within the FFGS. It is likely that the
historical station data archive undergoes additional quality control beyond the
simple quality checks applied by the FFGS as the real-time data is ingest into the
system. Generally, the expectation is that the historical data archive would have
additional locations and higher quality control than the GMAP product from realtime stations as part of the FFGS archive.
(v)

Compare the Merged MAP and gauge-based observed MAP for the selected
watershed(s), and compute various precipitation statistics. The precipitation
statistics may include annual mean and standard deviation estimates, monthly
mean and standard deviation values, mean residual statistics (such as Root Mean
Square Error or RMSE), and precipitation occurrence frequency for precipitation
above a given threshold (0 or greater). For a good representation, the Merged
MAP statistics would closely resemble the gauge-MAP statistics. It may be
insightful for verification of Merged MAP to consider different time resolution,
e.g., daily MAP versus 6-hourly or 1-hourly MAP. Flash flood occurrence is at
these short time scales, and therefore accurately representing precipitation at these
scales is important. However, such verification is dependent on having observed
records with high temporal resolution.

3.2.2 Example of Application from Turkey
The Flash Flood Guidance System for the Black Sea Middle East region (BSMEFFGS) includes
a large number of real-time gauges contributed by the Turkish State Meteorological Service
(TSMS). There are over 900 real-time gauges within the country of Turkey, and this is a
relatively large number of real-time gauges compared to those in other regional systems. No
additional data were provided beyond the real-time stations.
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The first step was to identify FFG watersheds with sufficient coverage by the gauge network.
Even with the relatively large number of gauges, this was a challenging task. For the BSMEFFG
System, TSMS provides precipitation estimates from their weather radars (at 500m resolution)
and therefore the FFGS watershed sizes are on the order of 50km2. For this example, two FFGS
watersheds where identified with 5-6 gauges in or near the watersheds (FFGS basins
2021400362 and 2021402026). The two watersheds are depicted in Figure 3.18, with the
precipitation station locations indicated by the red dots. Watershed 2021400362 is located
within the city of Istanbul in northwestern Turkey. Watershed 2021402026 is also coastal in
western Turkey, near the city of Izmir, and has elevation from sea-level to nearly 1000m. The
drainage areas are 45.9 km2 for watershed 2021400362 and 99.5 km2 for watershed 2021402026.
There are two concentric circles on each map, representing distances of approximately 10km and
25km from the watershed centroid. The colors in the background depict elevation levels.

(a)

(b)

Figure 3.18: Maps of FFGS watersheds selected for illustration of Merged MAP verification:
(a) 2021400362 and (b) 2021402026. The red dots indicate rain gauge locations
near the watersheds. The concentric circles are 10 km and 25 km from center.

For the Istanbul watershed (2021400362), six gauges used for this analysis were: 17061, 17062,
17064, 17065, 17813, and 18403. Gauges 17064 and 17638 to the south-east of the watershed
are nearly co-located. Station 17064 had a longer record and was selected for use. For the
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western coast watershed (2021402026), five gauges were selected: 17820, 18028, 18444, 18445,
and 18450. Gauge 18445 is at a high elevation and the remaining stations are at relatively low
elevations.
The gauge data historical record for each of these stations, as well as the FFGS Merged MAP
record were extracted from an archive of operational system output. The historical period of the
data extracted was from May 2012 through February 2019. Both daily and 6-hourly records are
available but for the purpose of demonstrating the methodology, the examples presented herein
are for daily precipitation. As a quick gauge data quality check, the CDF curves for each set of
gauges were plotted and are shown in Figure 3.19.
The distributions of daily precipitation for the gauge of each watershed are reasonably similar.
For the western coast watershed (b), the CDF of gauge 18028 may appears lower than those of
the rest of the gauges, but this gauge is near the outlet and deemed important to keep to compute
the watershed average. The two columns of numbers beneath the legends of these plots provide:
the maximum daily precipitation (mm/day) and the count of days with positive precipitation.
These values are also reasonably similar for each watershed.

(a)

(b)

Figure 3.19: Cumulative Distribution Function (CDF) curves for daily precipitation for the
select stations of the watersheds (a) 2021400362 and (b) 2021402026.
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The gauge-based observed MAP over each watershed was computed using an inverse-distancesquare weighting of the stations relatively to the watershed centroid. At each time step, the
watershed observed MAP is computed as:
𝑛𝑔

𝑀𝐴𝑃𝑡 =

∑𝑖=1{1⁄ 2 ∗𝑃𝑖,𝑡 }
𝑑𝑖
𝑛𝑔
∑𝑖=11⁄ 2
𝑑𝑖

(3.3)

where the subscript t represents the time step, subscript i represents the particular gauge from 1
to the number of gauges (ng) for the watershed. Pi,t is the gauge precipitation value (mm/day) at
the given time step, and di is the distance of gauge i to the basin centroid.
Figure 3.20 presents a comparison of the gauge-computed MAP to the Merged MAP for
concurrent days. The coefficients of determination (R-square values) are shown as 0.27 for the
Istanbul watershed and 0.51 for the western coast watershed. For the western coastal watershed,
the Merged MAP appears to under-estimate the higher values of MAP given by the gauges, i.e.,
for gauge MAP > 40 mm/day. Another way to compare the MAP values is to consider the
distributions of daily precipitation using the CDF plots, as given in Figure 3.21. There are three
curves shown, as follows: (i) the gauge MAP > 0, shown by the blue line; (ii) the merged MAP
corresponding to dates of (i), labeled “merged @ select” and shown by the red line; and (iii) all
merged MAP > 0, shown by the green line. The gauge MAP record has more dates with missing
values than the FFGS merged MAP (the satellite data is missing very infrequently). The gauge
MAP and merged MAP @ selected represents the same dates for both records. Since the merged
MAP@select is a subset of the full merged MAP, the case of merged MAP > 0 intended to
illuminate if the subset record reflected the same distribution as the full record.
For the Istanbul watershed, the distributions of the two merged MAP records are very similar.
The distribution of the gauge MAP record is somewhat higher than the merged MAP. For the
western coastal watershed, there is some difference in the distributions of the two merged MAP
records. This is due to the occurrence of missing data in the gauge MAP and thus the merged
MAP@select is shorter and slightly shifted from the full merged MAP record. In this second
watershed, the distribution of the gauge MAP is quite a bit higher than the merged MAP
distribution. This indicates that the merged MAP is under-estimating the gauge MAP record
across nearly the full range of precipitation values. This is reflected in monthly mean
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precipitation as presented in Figure 3.22. Focusing on the gauge > 0 (blue) and merged@select
(green) bars, the average monthly precipitation is clearly higher for the gauge MAP as compared
to merged MAP for the western coastal watershed.

Figure 3.20: Scatter plots of the Gauge MAP versus Merged MAP for the selected watersheds.

Figure 3.21: CDF plots of daily precipitation for the gauge MAP versus merged MAP for the
selected watersheds.

There is a particularly large discrepancy for the month of August, where the mean gauge MAP is
nearly 12 mm/day whereas the merged MAP is less than 1mm/day. Further investigation of the
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gauge values may be required as this may be reflecting an erroneously high gauge MAP value
(or values). The general under-estimation of the merged MAP for this watershed may lead for
further investigation for other watersheds in the region (is this under-estimation prevalent?) and
possibly a re-examination of the climatological precipitation bias analysis for the sub-region
(e.g., do the analysis on a monthly basis rather than a seasonal basis).

Figure 3.22: Annual cycle of monthly-average daily precipitation (top plots) and standard
deviation of daily precipitation (bottom plots) for the selected watersheds.
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For the Istanbul watershed, although the distribution of daily precipitation looks similar, the
monthly average precipitation shows some variation with the merged MAP over-estimating the
gauge MAP during the months of January through March, and with under-estimation for the
remaining months of the year. Similar patterns are observed for the precipitation variability each
month, as shown by the standard deviation plots in Figure 3.22. When there is under-estimation
of the mean by the merged MAP, the variability is also less than the variability of the gauge
MAP. When there is over-estimation of the mean by the merged MAP, the variability is greater
than the variability of the gauge MAP. The amount of estimation error may be quantified by
computing the average bias ratio, as the mean of the mean of the gauge MAP divided by the
merged MAP, as presented in Figure 3.23. Values greater than one imply underestimation by the
merged MAP while values less than one imply overestimation. The ratio values range from about
0.5 to about 3.7 for the Istanbul watershed, and from 0.5 to about 20 (severe underestimation of
small values) for the western coastal watershed.

Figure 3.23: Average bias ratio (gauge MAP/merged MAP) for the selected watersheds by
month.

The presented quantitation measures are examples of the metrics for verification of the FFGS
product of merged MAP as compared to the observed MAP for watersheds with a relatively
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dense network of precipitation gauges. Such verification of the FFGS product can inform
operational users of existing more local bias in magnitude and variability of the precipitation
input to the FFG System. This may motivate re-examination of the regional climatological bias
factor analysis (temporal and spatial resolution), the parameterization of the dynamic bias, and/or
the evaluation of real-time gauge record.

3.3 CLIMATOLOGICAL POTENTIAL EVAPOTRANSPIRATION FOR BASINS
The degree of saturation of the soil water, especially of the upper layers, is critical for reliably
estimating the potential of a small basin to generate flash flooding. Precipitation increases the
soil water, while evapotranspiration (ET) decreases it. Losses of water from the soil to the
atmosphere through evaporation and transpiration are key hydrological processes that should be
accounted for in order to estimate the water content in the soil in a continuous manner. This is
especially important for the beginning and the ending of the wet period when the soil water is
replenished toward and is depleted away from saturation, respectively, and in the inter-storm
periods during the wet season. The principal factors that control ET are meteorological variables
such as radiation, air temperature, humidity and wind speed, the vegetation characteristics that
control the canopy’s ability to transpire water, and the degree of soil water saturation. The
estimation of ET typically involves an estimate of the potential ET (PET) that is only a function
of the meteorological forcing, and formulas to adjust the potential rate for the available water and
the seasonal vegetation capacity to transpire.
The FFGS utilizes climatological estimates of the PET based on meteorological variables with
measurements that are spatially extensive and are available operationally (e.g., temperature, etc.).
These estimates are adjusted for the vegetation potential to transpire, resulting in the
evapotranspiration demand for a given basin, and are applied to the available water content to
estimate the water loss through the ET. The effect of the impact of the climatological forcing of
PET on the soil water content of the deeper soil layers may be seen in the example of Figure 3.24
from the BSMEFFGS and for a basin in Israel. The seasonal wetting and drying of the soil water
is controlled by the wet season precipitation (November – March) and by the dry season ET. It
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is clearly seen that ET is effective in reducing the ability of the land surface to generate flash
floods through the reduction of the soil water content.

Figure 3.24: An example of the soil water fraction estimate using the BSMEFFGS results for
the soil lower zone of a typical basin in Israel.

3.3.1 Methodology for PET Verification
The following steps may be followed for the verification of the PET estimates used in the FFGS
with observations from evaporative pans, lysimeters, or from meteorological instruments.
(i)

Within the FFGS domain of application, identify locations with evaporative pans,
or lysimeters, or with a meteorological station that records atmospheric quantities
such as solar radiation, wind, humidity, temperature. Historical records of
observations that span several years are necessary to produce good climatological
estimates of the PET.

(ii)

Develop climatological long term averages on a daily or monthly basis from the
historical observations. In the case of the meteorological stations, use standard
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formulas for potential evapotranspiration (e.g., Penman-Monteith) to estimate the
daily or sub-daily values of PET and produce climatological averages of these on
a daily or monthly basis. Apply quality control to the observed data to eliminate
outliers.
(iii)

Compare the climatological PET estimates from the FFGS with those from the
observations in step (ii) above. Because of the inherent errors in all the
observations mentioned (both due to sensor observation errors but also because of
spatial coverage), the comparison should focus on the degree of reproduction of
the annual cycle of PET and to identify gross errors during the year. An example
verification is discussed in the next section.

3.3.2 Example of Climatological PET Verification
In the FFGS, the PET used for each basin consists of climatological daily values. With
operationally available data, these are usually estimated as functions of average monthly air
surface temperature and the extra-terrestrial shortwave radiation. The latter is approximated by
the potential daily solar radiation as a function of distance from the equator and the day of the
year. In the evaluation study that is presented herein for Israel, the daily climatological PET are
assigned from a study by the Israeli Meteorological Service (IMS) that derived climatological
monthly PET maps using 2000-2009 data. These monthly PET maps were estimated by the
Penman-Monteith (P-M) formulation, using in-situ hourly observations of radiation, temperature,
relative humidity and wind speed.
In this evaluation case study the climatological daily PET data used by the BSMEFFGS for
Israel, were compared to two other datasets we received from IMS for 2012-2018. The first daily
dataset is of Class A pan evaporation measurements. These are measurements of the water losses
from pans that are being refilled daily. Class A pan evaporation is a commonly used cylinder
shape pan that is 25 cm deep and with a diameter of 120.7 cm. The evaporation processes from
the pan are dependent on atmospheric forcing such as temperature, humidity, rainfall, solar
radiation, and wind speed. The Food and Agriculture Organization (FAO) in its Irrigation and
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Drainage Paper No. 24 presents an empirical method to estimate PET from pan evaporation
using a multiplier coefficient. The prescribed multiplier is dependent on the location of the
observation, climatic conditions, and the pan characteristics as can be seen in Figure 3.26,
showing Table 5 extracted from FAO Irrigation and Drainage Paper No. 24. It can be seen that
all the recommended multipliers in the table are less than 1, which implies that we expect the pan
evaporation observation to overestimate the PET.

Figure 3.26: Table of pan coefficients from the FAO Irrigation and Drainage Paper No. 24.

A second dataset we received from IMS is of daily PET estimated using P-M calculation of PET
for the same 14 stations. These P-M calculations were carried using daily average meteorological
variables.
The two datasets were quality controlled to remove obvious outlier values. In Figure 3.27, the
(uncorrected) pan evaporation (red) and P-M estimates (blue) for 2012-2018 are shown for each
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Figure 3.27: Climatological PET estimates from the BSMEFFGS (black lines), pan
evaporimeters (red symbols), and Penman-Monteith formula (blue symbols) for
locations in Israel, as indicated by the names on the map and plots.
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calendar day and are compared to the climatological values (black solid lines) that are being used
in the FFGS. The interannual variability of the PET (variability from year to year) can be
interpreted from the spread of the observed values in each day. In most stations the FFGS
climatological values underestimate the observed pan evaporation and P-M estimates during the
hot summer months (May-September). Even though the same P-M formulation is used for the
BSMEFFGS and for the second verifying dataset (blue dots), the method of computing the
climatological values and the climatologies of the 2000-2009 and 2012-2018 years are different.
However, the FFGS climatological values well represent the seasonal behavior as seen by both
the pan evaporation and P-M estimates.

3.4 VERIFICATION OF PRECIPITATION FORECASTS BY MESOSCALE NUMERICAL
WEATHER PREDICTION MODELS
In this section, verification of the precipitation forecasts ingested in the FFGS is discussed.
Subject to availability by the National Meteorological and Hydrologic Services (NMHSs), the
FFGS ingests precipitation forecasts from one or more numerical weather prediction (NWP)
models. Such models may be run operationally by the FFGS Regional Centers and cover the
FFG region, or run by individual NMHSs for specific countries or sub-regions and are provided
under agreement to the Regional Center for use within the FFGS. Within the FFGS, forecast
precipitation is used to develop forecast MAP (FMAP) for each of the FFGS delineated
watersheds. The FMAP is then used within the FFGS for assessment of forecast flash flood
threat (FFFT) for durations of 1-, 3-, and 6-hours into the future (from the time of the FFGS soil
water update), and for assessment of flash flood risk (FFR) for longer durations of 12-, 24-, and
36-hours into the future.
Because there is typically no historical record of the NWP forecasts during the implementation
time for the FFGS, the FFG Systems ingest forecast precipitation with no modifications. The
quantitative precipitation forecast (QPF) of the NWP model is directly ingested by the FFGS for
the comparison with flash flood guidance values for the development of the FFFT and FFR
products. Therefore, it is important that the operational forecasters using the FFGS and QPF have
an understanding of when the QPF is of good quality.
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3.4.1 Methodology for Forecast Precipitation Verification
The methodology for the verification of the NWP forecast precipitation may follow one of three
approaches:
(a) Verification on the grid scale, using quality controlled gauge precipitation on a subregion basis, similar to the analysis of Section 3.1.
(b) Verification of the forecast MAP based on observed MAP computed from a dense
network of gauges for a watershed (or watersheds) of interest, similar to the analysis of
Section 3.2.
(c) Verification of the forecast MAP based on the merged MAP product of the FFGS.
The last approach assumes that the merged MAP represents well the watershed precipitation and
can be used to evaluate the accuracy of the FMAP for the watershed. Since the methodologies
for the first two approaches follow closely that presented in Sections 3.1.2 and 3.2.1, in the
section we focus on the methodology for the third approach using the FFGS products of FMAP
and merged MAP. HRC-RIMES (2018) contains an example of the verification in (a) and (b).
(i)

Extract the FMAP and merged MAP from the FFGS archives. This would be for
the period for which both products are available. The satellite products of GHE
and MWGHE are available for the period from May 2012 to present; therefore
this is usually the period of record for the merged MAP. However, the forecast
precipitation and FMAP product are only available for the period during which
NWP forecasts are provided to the FFGS. Generally, this is at best from the
beginning of the FFGS implementation period, but it may be some time after the
implementation process begins before NWP products are transferred to the FFGS.
The NWP QPF are frequently produced with hourly resolution, but in some cases
they may be 3-hourly. The FMAP and merged MAP products are extracted for
the forecast duration(s) of interest. This may be 1-hour, 6-hour, or 24-hour
MAPs. The same duration(s) are extracted for both FMAP and merged MAP.
Depending on the objectives, one may extract the FMAP and merged MAP for

58

specific watersheds of interest, or extract and compare the MAPs for all the FFGS
watersheds in the region or specific country.
(ii)

Compare the FMAP and merged MAP and compute various precipitation
difference statistics. The precipitation statistics may include annual mean and
standard deviation, monthly mean values and standard deviation, mean residual
statistics (such as RMSE), and occurrence frequency for amounts greater than
different rainfall thresholds. For a good representation, the FMAP statistics
would closely resemble the merged MAP statistics. An important issue for NWP
forecast precipitation or FMAP verification is the forecast lead time. Typically
NWP models are run at certain times each day for set forecast durations. Local
NWP models typically are run perhaps once, twice, or up to 4 times daily, at
specific times such as 00, 06, 12 or 18 UTC, and have a given forecast length, say
48 or 72 hours. Therefore, the FFGS forecast time may be at different forecast
lead times within a NWP prediction. For example, if the NWP model is run only
once per day for 00 UTC, the FFGS assessment at 06 UTC is 6 hours into the
forecast whereas the FFGS assessment at 18 UTC is 18 hours into the forecast.
The skill of any NWP precipitation forecast is expected to vary with forecast lead
time, and this should be accounted for in the forecast verification. This may be
further complication by the availability latency of the NWP forecast. The model
forecast for an initialization time of 00 UTC may not be available to the FFGS for
4, 6, or even 8 hours. The FFG System assessment at 06 UTC (from the
example), may be utilizing the QPF forecast from the prior NWP model run, with
longer forecast lead time. If the details of the operational runs of the NWP model
are known, it is best to perform the forecast precipitation verification for specific
forecast lead times. Expanding the previous example further, if the NWP model
is run for 48-hours once per day for the forecast initial time of 00 UTC, one would
compare the FMAP at 06 UTC separately from the FMAP at 18 UTC as the two
times represent the 6-hour forecast lead time and the 18-hour forecast lead time
respectively.
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3.4.2 Example of FMAP Verification for Southern Africa
For an example, the FMAP product is verified with the merged MAP product for the Southern
Africa Regional FFGS (SARFFGS). SARFFGS covers the countries of Botswana, Lesotho,
Namibia, Malawi, Mozambique, Swaziland (Eswatini), Zambia, and Zimbabwe, with 15,454
delineated watersheds (basins) within the system (Figure 3.28). The South African Weather
Service (SAWS) has provided forecast precipitation covering the entire region for the full period
of operations of the SARFFGS. For this example of the FMAP verification, the 24hour FMAP
product is compared to the 24-hour Merged MAP ending at the same time. The historical period
of record was 1/2012 through 1/2019.

Figure 3.28: Delineated basins for the SARFFGS.

The first set of comparisons made examined various statistics computed for all basins within the
SARFFGS. As examples, Figure 3.29a shows the CDF plots of the overall basin mean
precipitation (mm/day) of all basins, computed for the merged MAP and for the forecast MAP,
along with the CDF plot of the maximum basin precipitation over all time steps of the record
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(Figure 3.29b). There is an over-estimation of the mean precipitation by the forecast MAP for all
basins. The distribution of maximum precipitation for FMAP is close to the distribution of
maximum basin merged MAP until a maximum of about 200 mm/day, then the FMAP
distribution is higher than the merged MAP distribution.

(a)
Figure 3.29:

(b)
Cumulative Distribution Function (CDF) plots of the: (a) basin mean
precipitation, and (b) basin maximum precipitation for all FFG basins of the
SARFFG System.

A basin-by-basin comparison of the average precipitation for each of the FFGS basins is given in
the scatter plot of Figure 3.30. The general over-estimation by the FMAP average precipitation
as compared to the Merged MAP average is apparent. Examination of the frequency of
occurrence for precipitation exceeding different thresholds shows that the overestimation of the
average precipitation is largely due to the overestimation in the frequency of low precipitation.
This is illustrated in Figure 3.31, which shows the comparison of the merged MAP versus FMAP
frequency of precipitation exceeding (a) 5 mm/day and (b) 25 mm/day for all watersheds in the
regional system. The FMAP frequency of precipitation exceeding 5 mm/day exceeds the merged
MAP frequency for nearly all basins. The frequency of exceeding precipitation threshold was
computed at 0 mm/day (all positive precipitation), 5 mm/day, 10 mm/day, and 25 mm/day. The

61

over-estimation of the frequency of occurrence by the FMAP was observed for 0, 5, and 10
mm/day.

Figure 3.30: Scatter plot of the basin merged MAP average precipitation versus the basin
forecast MAP average precipitation for all FFG basins of the SARFFG System.

(a)

(b)

Figure 3.31: Scatter plots of the frequency of precipitation exceeding (a) 5mm/day and (b)
25mm/day for all FFG basins of the SARFFG System.
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Comparison of FMAP and merged MAP was also made for individual basins. Four basins were
selected for presentation herein. These are identified by their FFGS ID: (a) 2002302806, an
inland watershed near Pretoria, South Africa; (b) 2003201298, a coastal watershed near Port
Elizabeth, South Africa; (c) 2003201852, a mountainous watershed near Cape Town, South
Africa; and (d) 2003501826, an inland watershed in southern Namibia. Figure 3.32 shows a time
series plot for watershed 2003201298. The occurrence of precipitation events is relatively well
represented by the forecast MAP for this and other watersheds. It is noted that there is a period
from approximately 2000 to 2500 days into the record where the forecast MAP was missing.
This is approximately July 2017-July 2018.

Figure 3.32: A time series plot of the MAP for a single watershed (2003201298 near Port
Elizabeth, South Africa).

For each of the individual watersheds, a series of plots are presented next. Figure 3.33 presents
the CDF curves of the merged MAP and forecast MAP. The CDF curves were developed from
the daily MAP records when both the merged MAP and forecast MAP were non-zero. Overall,
the distributions of merged MAP and forecast MAP are similar. For watershed 2002302806, the
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distribution of forecast MAP is higher than the merged MAP. Also the maximum of the forecast
MAP is larger than the merged MAP for each of these watersheds, and the forecast MAP
maximum is quite a bit larger than the merged MAP maximum. Figure 3.34 presents scatter
plots of the daily precipitation, again for dates when both the merged MAP and forecast MAP
are non-zero. These plots also give the correlation statistic (R).

Figure 3.33: CDF curves of basin MAP for four select watersheds of SARFFGS.

The correlation statistic is in the range of 0.27 to 0.49 for these watersheds. These are common
values found between the correlation statistics for the SARFFG System. For watershed
20032701852, the statistic is dominated by the maximum forecast values of 236 mm/day, which
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occurred on 17 November 2013. The next highest value of 132 mm/day occurred on 16
November 2013. Removal of these two high forecast MAP results in the correlation statistic
increasing to 0.52. The statistics are largely influenced by these high values for this watershed.

Figure 3.34: Scatter plots of merged MAP versus forecast MAP for four select watersheds of
SARFFGS.

Finally, Figure 3.35 presents the annual cycle of the monthly average precipitation for the FMAP
and merged MAP for the selected watersheds. This is computed for all non-zero precipitation
values for each record independently. The annual cycle is fairly well captured by the forecast
MAP for each watershed, with the exceptions of a higher average merged MAP peak in February
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and March for watershed 2003201298 and the higher forecast MAP peak in November for
watershed 2003201852 as influenced by the November 2013 event.

Figure 3.35: Monthly average precipitation (mm/day) for four selected watersheds of the
SARFFGS.

.
.
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4. LAND-SURFACE PRODUCTS

In this section we discuss the verification of the available land-surface products from the FFGS.
In particular, the methodology of verification is outlined, along with the necessary data, and
examples of verification procedures and associated results are presented. These land-surface
products are important for modulating the potential of small basins to generate significant runoff
and flash flooding.
The section is subdivided to a subsection on the snow water equivalent (SWE) products and a
subsection on the soil water products. It is noted that not all FFGS systems have activated
components for the estimation of snow water equivalent because of the lack of seasonal snow in
their domain. Thus, the sub-section 4.1 on snow water equivalent only applies to those systems
with active snow water equivalent estimation.

4.1. SNOW WATER EQUIVALENT PRODUCT VERIFICATION
In many regions worldwide, during the wet season, the precipitation may appear as snowfall to
form a snow pack that melts later in the season. In these regions with seasonal snow packs, in
order to adequately estimate the soil water content, it is necessary to account for the contribution
of water to the soil from the melted snow by simulating the accumulation and ablation processes
of the snow pack.
The information on the snow conditions for each delineated basin of the FFGS is available in the
FFGS interfaces from two sources. The first source is the FFGS energy and mass balance snow
model that estimates the snow water equivalent and the melt water that leaves the snow pack.
The input that is required for this snow model consists of the basin mean areal temperature and
mean areal precipitation each time step (typically a 6-hour interval). The second source of
information about the snow is the snow cover extent in each basin. This information is derived
from the daily 4x4 km snow cover product for the northern hemisphere from the Interactive
Multi-sensor Snow and Ice Mapping System (IMS) which is available from NOAA-NESDIS.
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This IMS product provides the best available snow cover observations at 00:00 UTC based on
analysis of multiple geostationary and polar orbiter satellite images that were acquired during the
previous 24-hour period. The verification of the accuracy of the simulated snow water equivalent
may be based on: (a) the snow extent as estimated by the IMS, and (b) on-site snow depth
observations. In the first case, a comparison may be made between the extent of snow as
estimated by the simulated snow water equivalent values greater than a certain low threshold,
and the extent of snow estimated by the IMS. In the second case, the simulated water equivalent
values are compared directly to snow depth or when the snow density is also available then they
are compared to observed snow water equivalent. In the following sections we discuss these
verification procedures in more detail and provide examples for the operational implementations
of the FFGS.

4.1.1 Verification of Simulated SWE with IMS Snow Extent Data
The following procedure may be used for a first verification of the snow water equivalent extent:
(i)

Collect the NOAA/NESDIS gridded 4x4-km2 IMS fields of satellite estimated
snow extent for 5 days and compute the snow cover frequency for each pixel.
Snow cover frequency is the ratio of days with snow cover over the total days in a
period, and it is an indicator of the persistent occurrence of snow for a particular
location and over a certain period. It also tends to average out any errors for each
particular day due to satellite measurement interference. Alternatively, use the
FFGS ingested IMS field as a snow cover area (SCA) extent from the database of
the operational FFGS.

(ii)

Extract the basin SWE for the region from the database of the operational FFGS
for the middle day within the 5 day period (or any other day within the period
with available data). If the comparison is with SCA, then use the same dates.

(iii)

Produce maps of the basin SWE for all the basins in the region and of the snow
cover frequency (or SCA), and compare the extent of snow in both cases.
Typically a small threshold of SWE is selected and only SWE greater than that
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threshold is mapped to eliminate noise at the edge of the snow covered region
simulated by the FFGS model component. In addition to visual comparison, error
metrics can also be produced based on spatial statistics for given thresholds (see
categorical verification scores in Appendix A).
A first example of application is shown in Figure 4.1 from the Southeastern Europe Flash Flood
Guidance System (SEEFFGS). The SEEFFGS does not include Bulgaria and Greece. Snow
water equivalent (SWE) model estimates for the beginning and the end of the month of February
2013 are sown for the region with the corresponding 5-day satellite-based snow cover frequency
product for comparison.
The plots show that the model SWE extent corresponds well to the development of the satellitebased snow cover frequency on both days, with highest frequencies in regions with higher SWE
estimates. This type of analysis may be done routinely to track the accuracy of SWE simulations
during the important accumulation and melting periods of the wet season. It is noted that flash
flood guidance products (includes threat products) are not produced for snow covered areas
when the percent of snow cover in a basin is greater than a set parametric threshold (e.g., 40 %).
A second example from the Black Sea and Middle East Flash Flood Guidance System
(BSMEFFGS) is shown in Figure 4.2. In this case simulated SWE is compared to the FFGS
ingested IMS product used to produce SCA estimates for each basin in the region for the 1
February and 1 March 2013. For both dates overall agreement is good with the main snow
covered regions congruent in the maps, especially for the mountainous regions. Exceptions are
the northernmost part of Bulgaria in the northeastern edge of the BSMEFFGS and the
northernmost part of Turkey near the Black Sea. In these cases, the simulated SWE shows
significant accumulation while the satellite based SCA shows low or no fractional cover.
Continuous monitoring of such discrepancies is important to inform forecasters of the increase of
the flash flood producing regions as the melt season progresses.
Quantitative metric development for this type of verification is also shown in Appendix A
(categorical verification scores).
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Figure 4.1:

Simulated SWE estimates from SEEFFGS (left panels) and corresponding snow
cover estimates (% cover) (right panels) for 1 Feb (upper) and 28 Feb (lower)
2013.
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Figure 4.2:

Simulated snow water equivalent (SWE) estimates in mm (left panels) and IMS
estimates of fractional snow cover area (SCA (right panels), both extracted from
the BSMEFFG system. Upper panels are for 1 February 2013, and lower panels
are for 1 March 2013.

4.1.2 Verification of Simulated SWE with Snow Depth Observations
Verification of the magnitude (as opposed to the spatial extent) of the simulated SWE in the
FFGS delineated basins can be done by comparison to on-site observations. The most commonly
measured on-site snow parameter is the depth of the snow pack. Direct measurements of SWE
are less prevalent because they require specialized equipment and sensors that measure the
weight of the snow pack. In order to convert the snow depth into SWE, a measurement of the
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snow density is required. Snow density (often referred to as bulk density) is mass divided by
volume and is usually reported in units of kilogram per cubic meter (kg/m3) or gram per cubic
centimeter (gr/cm3). The snow density is dependent on the climate region and the life time of the
snow on the ground. As the snowpack gets older, compaction, mainly caused by the reoccurrence of melting and refreezing of the snow, increases the density of the snow pack. The
snowpack density values can range (widely) from about 100 kg/m3 for fresh snow to 800 kg/m3
for old settled wet snow.
Significant differences between the simulation and in-situ observations of snow pack
characteristics arise because of their different spatial scales. While the simulations represent an
aggregate SWE over a basin of ~100 km2, the in-situ measurement are provided at a given
location. Thus, in basins that have snow packs with large spatial variability, the point
measurements may not adequately represent the simulated average SWE.
Although the basin SWE and snow depth are different variables with different spatial scales
when simulations and measurements are considered, a time series plot of these two variables
offers a useful qualitative perspective. In Figure 4.3, we show an example from Serbia which is
part of the SEEFFGS. The example shows the snow depth measurements (red dots) and the
SWE simulations of the SEEFFGS delineated basin that hosts the observed record (black line).
The comparison shows that in this case the SWE simulation follows well the snow pack
dynamics of the snow depth measurements.

Figure 4.3:

Time series of simulated SWE (black line) and measured snow depth (red dots)
for a delineated basin within the SEEFFGS domain for 1 Oct 2006 – 13 Feb 2012.
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Scatterplots may be used in a different approach to compare the basin SWE simulations with
snow depth observations. These plots are shown in Figure 4.4 for the country of Tajikistan,
which is part of the Central Asia Region FFGS (CARFFGS). Each point on the scatterplot
represents the correspondence pairs of the model simulated SWE (vertical axes) and the snow
depth observations (horizontal axes). Data are shown from eight locations for the period 20122017. The significant co-variability identified from the scatterplots, suggests that the SWE
estimated by the snow model component of the CARFFGS represents the variability of the actual
snow water equivalent reasonably well for most of the range of snow depth values. Exceptions
are shown at the measurement sites with elevations 2075m and 1316m where very different SWE
values are associated with the same depth at the single measurement site. These type of
discrepancies may be due to the different snow densities associated with the different depths, the
representativeness of the single site of measurement for the entire delineated basin for which
SWE is simulated, and errors in the forcing of the snow accumulation component of the FFGS.

Figure 4.4:

Scatterplots of CARFFGS simulated SWE and corresponding measured snow
depth for 8 locations in the domain of the FFGS in Tajikistan. Period of record:
2012-2017.
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Another way to compare snow depths and FFGS SWE is as follows: the average monthly values
of snow depth and SWE are computed for each in-situ station and for each corresponding FFGS
basin; and the anomalies of these variables are computed as the difference between the measured
snow depth and simulated SWE from the corresponding climatological value. In Figure 4.5, the
Pearson cross-correlation coefficient between the two variables for the climatological values and
the anomalies is shown for eleven stations in the domain of the BSMEFFGS. As expected, the
correlation are higher for the climatology than the anomalies, but several anomaly crosscorrelations are in the range 0.4-0.7 as well.

Figure 4.5:

Cross-correlation between on-site snow depth and basin SWE for monthly
climatologies (upper) and anomalies (lower) for the BSMEFFGS.
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4.2 SOIL WATER PRODUCT VERIFICATION
Time-continuous simulations of vertically-integrated soil moisture content (referred to as soil
water) are available from the FFGS for each delineated basin in the FFGS domain. These
simulations estimate the depth of water (mm) in the upper and lower soil vertical profile
characterizing each delineated basin at each time step (e.g., every 6 hours for most FFGS
implementations). For each delineated basin, the FFGS output files contain three soil water
variables: the average soil water for the upper zone (ASMU), the average soil water for the lower
zone (ASML), and the average soil water for the total (upper + lower) soil column (ASMT).
These soil water values are used together with upper and lower soil zone water capacities to
produce corresponding saturation fraction products, characterizing the drainage area of the FFGS
delineated basins.
The depth of the upper soil zone is about 20-30 (cm) from the soil surface and the lower soil
zone is dependent on the parametrization of the soil depth at each sub-basin. Comparing soil
water content simulations to observed in-situ soil moisture measurements can be a very
informative verification exercise. However, it is essential to conduct such a verification with a
method that carefully considers the differences between the in-situ observations and the FFGS
simulations.
In situ soil moisture observations are fairly uncommon operational datasets. In situ soil moisture
measurements are commonly set to measure volumetric water content (m3) over a given volume
of soil (m3). Thus volumetric soil moisture content is reported in units of m3 m-3. There are
many methods for measuring soil moisture content and a common method being used for
automatic in-situ stations is based on dielectric sensors. These sensors sense the dielectric
properties of soil and water. They typically consist of electrodes inserted into the soil that send
an electromagnetic signal into the soil and measure properties of the signal’s return. The
electromagnetic signal attenuation and propagation is highly dependent of the water content in
the soil. The measurement of the volumetric water is around the electrode for an estimated
volume of about 60 cm2, dependent of soil characteristics and sensor properties/calibration.
The main differences between the simulation of soil water and the in-situ observations of the soil
moisture content is the target quantity and the spatial scale. While the soil water content or
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saturation fraction refers to a depth-integrated quantity of soil moisture, the soil moisture
observation targets the soil moisture content at a particular location and depth in the soil. Also,
while the FFGS-simulated soil water products represent quantities characterizing delineated
basins of area ~102 km2, the in-situ measurements are provided for a given soil depth and
measure a volumetric water within a radius that is measured in centimeters. Given the relatively
high spatial variability of soil characteristics, these scale differences must be addressed when the
in-situ observations and simulations are compared.
It is also important to recognize that the only source of water being considered in the FFGS to
simulate the soil water content variability over the delineated basins is the basin precipitation
and/or snow melt (for basins with seasonal snow). On the other hand, the in-situ soil moisture
sensors may be also be influenced by irrigation, groundwater rise, or other specific land/water
management practices.

4.2.1 Methodology for the Verification of Soil Water Content
(i)

At first, FFGS delineated basins of relatively uniform soil texture and depth are
identified with measurements (weekly or more frequently) of soil moisture profile
in a soil column (function of depth; e.g., every 10 cm or 5 cm, etc.) over a number
of sites that cover the watershed soil variability and basin area well. For fairly
uniform basin soil textures, the number of sites can be 3-5 with reasonably good
distribution over the basin area. If the number of sites is small then it may be best
to select the basin which, for the purposes of the FFGS soil water modeling, has
specified soil texture similar to the soil texture of at least one site within the basin
for which soil moisture measurements are available.

(ii)

Once the basin and the measurements of soil moisture have been identified, the
soil moisture measurements should be integrated over depth to the depth of soil
that has been specified for the estimation of the soil water model parameters. If
there are adequate sites to cover the basin area well, then an average of the depthintegrated soil moisture measurements may be obtained for comparison with the
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model simulated soil water over the same depth and for the FFGS basin under
consideration. If there is only one soil moisture measurement site with the same
soil texture as the one the is specified to characterize the basin soils in the FFGS
land-surface component model, then the anomalies of soil water from its
climatology should be obtained and compared between the measurements and the
basin simulations of soil water content (over the same depth as mentioned earlier).
(iii)

Metrics of differences between the depth integrated (and possibly spatially
averaged) soil moisture measurements and soil water simulations may then be
quantified to characterize the simulation error. The same applies for the
anomalies (see discussion in step (ii) above). RMSE, cross-correlations, etc. may
be used. It is important for flash flood prediction, when the data availability
allows it, to also make sure that the wetting and drying cycles in simulated soil
water correspond to those of the measurements, especially during the beginning
and the end of the wet season, when the soil water deficit is relatively high and
the soils exercise more control over the precipitation that becomes runoff.

Two examples of verification studies are provided next. The first is from Malaysia, for which
several in-situ measurements are available for a single basin. The second verification study is
from Turkey, for which many observations were made available with a long historical record for
the entire country’s territory.

4.2.2 Verification of Soil Water Content for a Basin in Malaysia
Malaysia is included in the Southeastern Asia and Oceania Flash Flood Guidance System
(SAOFFGS). Soil water content data from 7 on-site stations are available at Southern Malaysia
for 2015 from the International Soil Moisture Network (ISMN) hosted at the Vienna University
of Technology (https://ismn.geo.tuwien.ac.at/en/). ISMN is an international cooperation network
with the goal to archive a global on-site soil moisture database. It is supported by the Global
Energy and Water Exchanges Project (GEWEX), the Committee on Earth Observation Satellites
(CEOS), the Global Climate Observing System - Terrestrial Observation Panel for Climate
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(GCOS-TOPC), the Group of Earth Observation (GEO), and the Global Terrestrial Network on
Hydrology (GTN-H). It receives financial support from the Earth Observation Programme of the
European Space Agency (ESA) and relies on collaboration among scientists worldwide.
The data from Malaysia was provided to ISMN by the University Technology, Malaysia (UTM).
The observations are available in hourly intervals for 2015 at three depths measured from the soil
surface: 0-5, 45-50 and 95-100 cm. The stations are equipped with WaterScout SM100 soil
moisture sensors (capacitance based) to provide volumetric soil moisture estimates (m3/ m3).
We note that we do not have additional information on the site of observation such as the land
cover/use and soil properties. Six of the seven stations are located within the area of one of the
FFGS delineated basins (ID: 2039700338). The average elevation of this basin is 500m A.S.L.
The dominant basin land cover is classified as woodland grassland, the dominant soil texture is
loam and the soil depth is classified as deep. The basin area is 213 km2 and the average slope of
the channel within the basin is 0.12%.

Figure 4.6:

The location of the 7 soil water content observation stations in Malaysia (green
balloon symbols).
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This unique dense dataset provides an opportunity to compare the FFGS soil water content
simulations for the basin directly to a spatial average of the depth-integrated observations for a
given depth. Thus, if we assume that the measurements well represent the spatial variability over
the basin and the three depths of the measurements are representative of the variability of the
water content of the soil profile in the zones specified by the FFGS soil water accounting
component, it is possible to directly compare the simulations with the observations.
In order to exemplify the different characteristics of the observed and simulated time series, in
the left panel of Figure 4.7, the 6-hourly soil water depth (depth integrated soil moisture) time
series for the three depths are plotted for a selected observation station, whereas, in the right
panel, the FFGS-simulated soil water saturation fraction for the upper zone, the lower zone and
the total soil column are shown for the corresponding FFGS basin. The implication of the unit
differences between the time series and the temporal resolution of the reports are apparent in the
plot. It is also seen that the observation time series is incomplete for some depths for this station.

Figure 4.7:

An example of observed 6-hourly soil water depth in 5 cm soil at three depths at
station 2267(left panel), and simulated soil saturation fraction for upper/lower soil
zone and total soil column for SAOFFGS basin 2039501164 (right panel).

The observed data was processed as follows:
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A visual inspection of the time series was conducted to remove suspiciously corrupt data
points



A 6-hour moving average (same interval as the FFGS update cycle for the soil water
estimates) was applied to the time series in order to smooth erroneous values.



Three time series were created for each station. The upper zone was estimated by
summing the 0-5 and 45-50 cm depth-integrated soil moisture; the lower zone was
estimated by summing the 45-50 and 95-100 cm depth-integrated soil moisture, and the
total soil was estimated as the summation of the depth-integrated soil moisture for all
three depths. The water depth for the three soil depths was estimated by multiplying the
soil moisture value (or the moving-averaged value) by the depth of soil (0.05m). Also,
the soil moisture capacity of the soil texture for the basin was converted to water depth
using the same procedure. Then the ratio of the water-depth measurements divided by
the corresponding water-depth capacity was used as the measurement soil saturation
fraction.



The reporting stations for a given 6-hour interval were averaged to generate an estimate
of the observed soil water saturation fraction (and also of the deficit) to be compared with
the simulation from the basin. We note that there were many hours with missing values,
which yielded an incomplete time series of areal averages. If there were less than 5
stations with missing data there was no average computed and the measurement average
value was set to missing.

The observed and simulated 2015 time series with non-missing average values (at least 5 on-site
stations reporting valid data) are shown in Figure 4.8 as soil water deficit fractions (1- fractional
saturation content) for the total soil column. In this Figure, the average observed time series is
indicated in red, the individual station observations are in dashed red thin lines, and the FFGS
simulated time series is in black.
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Figure 4.8:

Observed and simulated soil water content deficit for 2015 for the total soil
column. The observed series average is indicated in red, the individual station
measurements in thin red dashed lines, and the 6-hour FFGS soil model
simulation for basin 2039700338 in black.

The average difference between the minimum and maximum value of soil water deficit among
the stations in some cases reaches more than 0.3, which is indicative of the large variability
among the 6 stations. It is seen that the trend of the observed record overall follows the
simulations. Also, the fluctuation in the simulation is larger than seen in the averaged observed
record. It is notable that the timing of some of the wetting events (dips in the soil water deficit) is
different between the simulations and the observations. This may be the result of incomplete
coverage of the soil column by observations, errors in the estimates of precipitation to the soil
water component of the FFGS, or wetting events that are not from precipitation but from
irrigation or other sources. Comparison of the soil water capacity used for the soil water
component of the FFGS was based on the dominant texture. The maximum such values from the
observations indicated that the value for the FFGS (72 mm) is well within the range of the station
values (from 52 mm to 119 mm, with an average of 83 mm).

81

4.2.3 Verification of Soil Water Content for Several Sites in Turkey
Turkey is included in the Black Sea and Middle East Flash Flood Guidance System
(BSMEFFGS). A depth-integrated soil moisture (soil water) dataset of daily averages for the
upper 20 cm of the soil from 172 automatic stations and spanning the period (2012-2018) was
made available by the Turkish State Meteorological Service (TSMS). There is a total of 153
stations that correspond to FFGS basins. These daily average values were derived from hourly
observations of volumetric water content measured with dielectric sensors and reported as
percent saturation level. The locations of the stations are marked in Figure 4.9.

Figure 4.9:

Location of soil moisture measurement stations in Turkey (blue dots).

In Figure 4.10, percent saturation data from two on-site stations and the simulations of the upper
zone soil saturation percent for their corresponding basins are shown. Direct comparison
between the on-site observation and the FFGS simulation carries the assumption that a single-site
observation represents adequately the soil water spatial distribution over the basin; an
assumption that is likely invalid. It is seen in Figure 4.10 that the range of the 6-hour FFGS
simulation time series is 0-80 or 0-100 (in percent), while the ranges of the daily-observed
records are 0-50 and 0-40. The manner of computing the percent saturation may be different in
the data and in the FFGS simulations. Moreover, it is seen that the observed records are
changing from year to year likely because of recalibration of the instrument. These occasional
drifts imply that the absolute values cannot be averaged over the years. With these caveats, in
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contrary to the case study from Malaysia (presented in the previous chapter), in which we
derived an observed time series that represents the average soil moisture over the basin, herein a
direct comparison between the simulations and observations is not warranted.

Figure 4.10: Two examples of observed soil saturation (percent) time series (upper panels),
and their corresponding upper-zone soil saturation fraction FFGS simulations for
their embedding basins (lower panels).

In this case, where we have many stations, each corresponding with one basin, we quantify the
correspondence of the monthly climatologies and the associated anomalies for the observed and
simulated records, as explained below. The climatological values were computed for each
station and for each corresponding basin as the average soil moisture for each month in each
year. The anomalies were calculated as the daily difference between the soil water content and
the monthly climatological values for both the observed and simulated time series.
The cumulative distributions of the correlation coefficients between the climatologies and
anomalies of the observed and corresponding simulated records are shown in Figure 4.11. In this
plot we only show the correlation coefficients that are significantly different than 0 (p= 0.05),
which give 126 and 145 pairs (out of 153 pairs) for the climatology and anomalies, respectively.
As expected, the correlation coefficients of the climatologies are higher than the anomalies. The
range of correlation coefficients is wide, ranging from 0.2 to more than 0.8 for climatologies and
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from 0 to more than 0.7 for anomalies. In the following, we examine the spatial features of this
wide range.

Figure 4.11: Cumulative distributions of the correlation coefficients between station
observations and corresponding basins simulations for the climatologies and
anomalies for the entire dataset.
Examination of the correlation coefficients within a spatial context is presented next. In Figure
4.12 the strength of the correlation coefficients is indicated at the observation locations by the
color shade and size of the dots. The correlation coefficients of the climatologies and anomalies
for all the months are shown in the upper and lower panels, respectively. It is interesting to note
that, for the climatologies (upper panel), better agreements between simulations and observations
are seen along the coastal areas while in general the inland stations showed lower correlation
values. Much weaker correlation coefficients are seen for the daily anomalies, with a distinct
signature of high values along the western coast. In general, the highest correlation values are
seen in April while the lowest are observed in August (both shown in Figure 4.13). These
month-to-month changes are likely attributed to the type of storms and their depiction by the
FFGS, in addition to the interaction between the seasonal snowpack and the soil.
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Correlation Coefficients:

Monthly Climatologies All Months

Daily Anomalies All Months

Figure 4.12: Correlation coefficients of the monthly climatologies (upper panel) and daily
anomalies (lower panel) between station observations and embedding basin
simulations for Turkey (BSMEFFGS).
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Correlation Coefficients:

April

August

Figure 4:13: April (upper panel) and August (lower panel) correlation coefficients of daily
anomalies of soil saturation for Turkey.
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4.3 VERIFICATION OF FLOWS PRODUCED BY THE FFGS WITH ROUTING
CAPABILITY
4.3.1 Data and Methodology for Verification of Flow Simulations and Forecasts
The flow routing module implemented in the urban flash flood systems and selected riverine
systems generates hourly flow discharge record at the outlet of each individual sub-basin. The
direct comparison between the simulated and observed flow discharge record would allow
assessment of the reliability of the routing component. The most common method to obtain
observed flow discharge is to record the flow stage at stream gauging stations and then convert
the stage to discharge based on rating curves (Herschy, 1999). A rating curve represents a oneto-one relationship between stage and discharge at a specific location on a stream. Therefore, the
rating curve is location specific and represents a combined flow characteristics determined by
channel geometry and roughness. It requires numerous direct flow measurements over a range of
flow stages to construct a comprehensive and accurate rating curve. The relationship between
stage and discharge might change over time due to seasonal vegetation variance or erosion or
deposition of sediment, which requires shifting control to maintain accuracy.
The uncertainties of both simulated and observed flow should be taken into consideration when
performing streamflow verification by comparing simulated and observed flow records. As
mentioned above, the uncertainties introduced by flow rating curve could be significant if it is
not well maintained (checking and shifting) or the flow goes beyond the range of the rating
curve, which might be the case during significant flooding events. Moreover, the assumption that
the relationship between stage and discharge is one-to-one is only valid for slow rising floods.
For fast rising flood wave, the relationship could be very different between the rising and falling
phase as it propagates (Cheng et al., 2018).
The uncertainties of the simulated flow involve forcing, channel characteristics and water usage.
The forcing to the routing module is the runoff generated by soil model. The estimation of
precipitation and snow melting and soil parameters determines the runoff generated into the
streams. As for the channel characteristics, the geometry and roughness are the two main sources
of uncertainties. In order to minimize them, detailed information is required for channel crosssectional profiles for the whole watershed, vegetation type and cover, channel bed form (e.g.,
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pools and rifts) and materials (e.g., gravels and cobbles). Water usage is a human factor that
affects the natural flow patterns of a watershed. For example, reservoirs on the main branches
would significantly affect the flow downstream as they serve as storage of water for different
usage purposes (electricity production, irrigation and entertainment etc.). Therefore, detailed
information of the reservoirs (e.g., volume-stage relationship) and operating/guiding rules (water
release schedule as a function of inputs and water level) is required for modeling to ensure
accurate flow estimates downstream. In the urban areas, similar information is also required for
various hydraulics structures that pose additional controls on the streamflow (e.g., flow
divergence controlled by sluice gates, seawater pumping to flush the channel and storm sewer
system). Corresponding to the modeling of the water usage, any human activities that are not
accounted for would introduce extra uncertainties to the numerical predictions of the streamflow.
In addition to the direct comparison between the observed and simulated flow, another
verification method is to check the mass balance, which is the comparison of total volume of
water passing by at a location for certain period between the simulated and observed flow. All
the uncertainties discussed above should still be taken into consideration. The comparison
conducted in natural regions without many human activities is often useful to assess the accuracy
of precipitation and snow melting estimates, as well as to calibrate soil parameters.

4.3.2 Examples of Flow Verification for Operational FFGS
One of the regions where the routing module is implemented is the Harsit Riverine System in
Turkey (Figure 4.14). There are five major reservoirs with dams in the watershed. Due to the
limited information provided for the reservoirs and the associated operating policies and the
existence of pumping water through pipes from outside the watershed in the downstream region,
we chose to use the records of flow gauging stations upstream of the reservoirs to conduct
preliminary streamflow verifications. The direct comparison of the hourly flow discharge
between simulated and observed flow at station D22A119 (Figure 4.15) indicates that the model
is able to simulate the flow response and magnitude with reasonable accuracy. The large
deviation of the simulated flow starting in May 2013 is probably due to a combination effect of
both precipitation and soil parameter uncertainties, as well as possible upstream regulation
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effects. It should be noted that simulated flow is taken at the outlet of the sub-basin that contains
station D22A119, which is not the exact same location of D22A119. The difference of timing of
the flow propagation should be taken into consideration when the comparison is done for short
period (e.g., 24 hours). For the Harsit watershed, it is also reported that there are unregulated
irrigation activities in the upstream region that take water directly from the streams, which might
cause water deficit. But without any quantitative estimation, it will be difficult to incorporate this
factor in the verification process.

Figure 4.14: Demonstration of the Harsit Riverine System. The red polygons represent major
reservoirs and the yellow dots represent flow gauging stations.
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Figure 4.15: Direct comparison between the hourly simulated and observed flow at gauging
station D22A119.

One of the urban systems with streamflow modeling is the Cendere Basin in Istanbul Turkey
(Figure 4.16). There are five gauging stations available in the watershed. A rating curve is only
available at stations D02A136 (Figure 4.17) and D02A146. The direct comparison to the
observed flow (Figure 4.18) shows that the system is able to capture the flood peaks and predict
the arrival with reasonable accuracy. However, a base flow of 3-6 m3/s is observed by the station
sometimes, which is not captured by the simulated flow. The base flow is directly related to a
pumping station upstream of D02A136 (Figure 4.16 and 4.19), which brings sea water from
Halic to improve water quality for low flows. This pumping station is currently not included in
the modeling due to the absence of quantitative operating policies. But an empirical policy could
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be implemented in the future according to statistical analysis of the historical records of the sea
water pumping. At present, it would be more reasonable to conduct verifications using flow
records at the three stations upstream of the pumping station.

Figure 4.16: Demonstration of the Istanbul System. The yellow dots represent flow gauging
stations and the red triangle represents the location where sea water is pumped
into the watershed.
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Figure 4.17: Rating curve at gauging station D02A136.

Figure 4.18: Direct comparison between the hourly simulated and observed flow at gauging
station D02A136.
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Figure 4.19: Photos of the sea water pumping station. Left: discharge of the three pumps
providing Halic sea water. Right: flow of the pumped sea water into the Cendere
River.
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5. THREAT PRODUCTS AND WARNINGS

In this section we discuss the verification of the threat products produced as initial guidance from
the FFGS (e.g., imminent, persistent and forecast flash flood threat), and the verification of
warnings generated by forecasters that have consulted and possibly adjusted the information
provided by the FFGS, and who may have also used additional external information as well. We
also discuss the verification of the system products and assessments associated with the FFGS
landslide prediction. Implementations of the latter component of the FFGS are recently
completed and there is a relatively short history of real-time information from which to provide
example applications of verification. For those cases we mainly focus on the methodology.
The FFGS produces information for delineated basins such as precipitation and soil water
products (see earlier sections of this report). On the basis of this information and on the basis of
channel characteristics of the draining stream in those basins, the FFGS also produces the flash
flood guidance (FFG) diagnostic index for each basin that represents the amount of future
precipitation of a given duration over the basin that is necessary to cause bankfull flows at the
outlet of the basin. Thus, if the forecasted future precipitation of the said duration is greater or
equal to the corresponding FFG index value, then bankfull flows at the outlet of the basin will be
equaled or exceeded, creating threat for the occurrence of flash flooding at that location.
Within the FFGS context, a flash flood threat index is the difference between the actual,
persisted or forecast precipitation and the corresponding FFG diagnostic value for the basin and
duration of interest (1, 3 and 6 hours). It applies to the outlet of the basin and not in other
locations within the basin. In that sense, the basin scale is analogous to the grid scale of gridded
atmospheric or land-surface models with products computed to apply at that scale or greater (not
smaller). This creates requirements for the verification of the flash flood threat products, in that
they should be verified at the locations or close to the locations to which they apply: the outlet of
the delineated basins. Although the FFGS threat products color the entire basin with the color
that corresponds to the value of a threat product to draw the attention of forecasters in large
regional system, the application and verification is at the outlet of the basin only.
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It is noted that the persistent and forecast flash flood threat products carry considerable
uncertainty as they include both the uncertainty of forecast precipitation, which is the dominant
uncertainty, and the uncertainty in the FFG diagnostic index that integrates uncertainties from
estimated basin precipitation and land-surface model parameters. The imminent flash flood
threat index, is a diagnostic index, which only includes uncertainties from estimated precipitation
and land-surface model parameters. The uncertainty in these flash flood threat indices depends
on the available data (both remotely-sensed and on-site data) for each basin, and the skill of the
forecast model (for the forecast threat index). Given their large uncertainties, these indices are
provided only as ancillary information for the forecaster, and they should not be used alone to
support warnings. Instead forecasters, as per training guidelines, should consult the entire range
of products from the FFGS system (e.g., merged mean areal precipitation, forecast mean areal
precipitation and upper soil water saturation fractions, as well as the FFG index) and other
external more up-to-date and local information, and make their own assessments as to the future
threat of flash flooding in specific basins. Nevertheless, these threat indices may be verified with
the appropriate data, and provide a reference level of performance against which forecaster
warnings regarding flash floods may be compared.
Verification of flash flood threat indices or forecaster warnings evaluates the ability to reliably
identify flash flood occurrence in space and time. Thus, the focus of the verification is the
occurrence of flash flooding, and not the magnitude of the flash flood flows (evaluating a binary
event). In order to have verification of these products and warnings, ground truth data on the
occurrence in space and time of the actual flash floods must exist, and of those historical events,
select the ones that are at or near the outlet of the delineated basins of the FFGS. For the threat
products verification may be done for different durations (1, 3 or 6 hours). Warnings and
forecasts of flash flood occurrence may be verified at the locations for which the warning is
intended, and not just at the basin outlets.
Once the appropriate ground truth data is collected, then the methodology of the following
section may be followed to verify any of the flash flood threat products of a given duration or the
flash flood warnings issued for a certain region. The verification of landslide occurrence
products or warnings can follow the same approach, given a database of landslide occurrence
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with space and time information (e.g., Posner and Georgakakos 2015, 2016). Appendix A
provides more details on the metrics used in this section.
5.1 Methodology for Verifying FFGS Threat Products or Warnings
(i)

Create contingency tables for the threat product of a given duration or the flash
flood warning and the actual occurrence of the flash flood events within the
verification region (country or multi-country region for the FFGS). For threat
product verification only use data at or near the FFGS delineated basin outlets,
while for flash flood warnings use corresponding data for the regions of validity
of the warnings. The contingency tables provide the number of the FFGS product
data or warnings and the number of actual events, grouping the matches, the
misses and the false threats/warnings separately.

(ii)

Using the data in the contingency tables, produce the statistical measures of the
probability of detection (POD), false alarm rate (FAR), false alarm ratio, and the
probability of a miss. These metrics have been defined in Appendix A and
provide an indication of the successful threats or warnings, the chance of a threat
or warning without an actual event and the lack of threat or warning when an
event actually occurred. These statistics should trigger efforts to increase the
probability of detection and decrease the false alarm rates and the probability of a
miss. Improvement of numerical weather prediction model forecasts, increase of
density and quality of on-site gauges, improving radar precipitation quality, and
increasing the resolution and accuracy of the spatial soil and land surface cover
information should generally lead to more reliable threat products. Forecaster
training and experience with using the FFGS products and other up-to-the-minute
and local information is expected to improve the warning reliability.

In the following section we present an example of validation of the imminent threat product for a
basin in Central America, while the next section discusses the verification of the real-time
warnings issued for the countries of Central America on the basis of the FFGS and forecaster
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adjustments. The threat verification section is done for a basin with a good collection of data (not
typical in the operational environment) and represents the level of reliability the system can
reach for its diagnostic products. The warning verification is presented for a region with very
sparse on-site gauge data (used to adjust the satellite data for bias) and coarse supporting spatial
data for model calibration, and indicates the degree of improvement over the nominal products of
the system offered by adjustments performed by trained country forecasters. In the same section
an example of a more recent verification from a country with a significant number of operational
on-site sensors is also presented. Although not presented in detail here, evaluation of the
performance of warnings for specific events is very valuable to establish the causes of success or
failure and to take steps forward for improvement (for a template, see detailed discussion of a
specific event in Haiti covered by the Haiti and Dominican Republic FFGS, HDRFFGS, Shamir
et al. 2013).

5.2 Example of Verification Application for Flash Flood Threat
The Rio Chagres is one of the most significant rivers of Panama and Central America. It
provides fresh water inflows to the Panama Canal, which is one of the most important
commercial shipping Canals worldwide. The Water Resources Section of the Panama Canal
Authority is responsible for providing guidance for the operation of the Canal and maintains a
relatively dense network of on-site raingauges and streamflow gauges for the Canal Watershed,
which includes the Chagres River. The Rio Chagres is covered by the Central America Flash
Flood Guidance System (CAFFGS), which provides guidance to forecasters in Central American
countries for the occurrence of flash floods on basins of order 100-200 km2. In this section we
will verify the imminent flash flood threat using 20 years (1977-1996) of data for the Rio
Chagres. For this verification, we use hourly precipitation data from the network of raingauges
in and around the Rio Chagres basin to produce mean areal precipitation. This then drives the
land surface component of the CAFFGS and produces flash flood guidance and threat products.
High resolution terrain elevation maps and soil maps are available for the basin, and together
with the observed streamflow data allow good hydrologic calibration of the land-surface
component of the CAFFGS. The most important remaining parametric uncertainties are in the
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soil depth which is only available in a limited number of sites and which is apparently variable
through the Rio Chagres basin, and in the climatological estimates of potential
evapotranspiration (PET). As such and given the available data, this situation represents one of
the more rich data environments in which to apply the FFGS.
Hourly mean areal precipitation for the period 1977-1996 is the system driver for this example.
The precipitation regime has a wet period (from May to December), which intensifies in October
and November when the Inter Tropical Convergence Zone (ITCZ) passes through the area.
Heavy rainfall occurs frequently as the intensely convective regime interacts with the mountains
at the headwaters of Rio Chagres (altitude reaches 900m). The climatology of the flash flood
guidance (FFG) index values obtained for each month of the year for the 20 year record was
obtained through retrospective runs of the stand-alone CAFFGS land-surface component using
initial conditions for soil water on 1 January 1977.
To discern the impact of the main remaining uncertainties in the estimation of the soil water
saturation fraction, the main land-surface determinant of the flash flood guidance (FFG) index,
Figure 5.1 shows the sensitivity of the soil saturation fraction to parametric input for the first
(upper panel) and the last (lower panel) year of record. In both years, the highest uncertainty in
soil water saturation fraction is during the dry period when sensitivity of the magnitude of the
saturation fraction with respect to the parameters is highest. Interestingly, the timing of the
saturation fraction maxima and minima is not affected by the parametric changes. During the wet
period in both years the saturation fraction is near 1, allowing for only moderate soil control of
the precipitation conversion to runoff and flooding in this basin and for that season. The impact
of the initial conditions is apparent for the first year and lasts through the initial months of the
wet season.
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Figure 5.1:

Hourly soil saturation fraction for the Rio Chagres basin for 1977 (upper) and
1996 (lower) and sensitivity with respect to initial conditions, climatological
potential evapotranspiration adjustment factor, and soil depth. Nominal run
(ORIG) used climatological soil water values for January 1 as initial conditions,
climatological PET values (adjustment factor = 1), and soil depth of 1000 m.
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To understand the behavior of the FFG index with this long dataset, the climatology of the 1hour-duration FFG index was also estimated. Figure 5.2 shows the 95% upper and lower bound
limits of the FFG index for each month of the year. The variability bounds were determined
from the FFG-1 values for each of the hours within each month for all the years. The results of
Figure 5.2 are shown for three different soil depths for the basin (0.5m, 1m-nominal, and 1.5m).
The smallest variability and the lowest median values of the FFG index are for the months of
September – November, when precipitation is highest due to the ITCZ passage from the region.
Very large variability is exhibited for drier parts of the year. It is interesting to note that May has
a lower 95% variability bound that is zero implying that this month could have (not consistently)
a very low FFG index value with high potential for flash flooding. The range of the 95% bounds
is from 25 mm/h to a little over 50 mm/h, which implies that even moderate precipitation during
the months of September through November would cause bankfull and flooding. Finally, it is
noted that the sensitivity of the FFG index to the depth of the soil assumed for the basin is rather
small for the wet season but it can be significant for the drier parts of the year. During the wet
season of May through December, highest variability is associated with shallower soils.

Figure 5.2:

A set of 95% variability bounds for the 6-hour flash flood guidance (FFG) index
for the Rio Chagres basin outlet, and for each month of the year based on the
hourly values from the period 1977-1996. The results are shown for three
different depths (D) of the soil, assumed uniform within the basin.
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The verification of the imminent threat product with a 6-hour duration was done with streamflow
data from the Rio Chagres. Various thresholds of flow were used to identify the behavior of the
probability of detection and false alarm rate for the outlet of the Rio Chagres basin. Figure 5.3
shows the probability of detection (POD) and the false alarm rate (FAR) of the 6-hour imminent
flash flood threat as functions of the area normalized discharge at the basin outlet. The results are
obtained using 20 years of hourly data from the Rio Chagres at the outlet of the draining basin.

Figure 5.3:

Probability of Detection (POD) and False Alarm Rate (FAR) for the imminent
flash flood threat index of the CAFFGS specified for the outlet of the Rio Chagres
basin in Panama, Central America. The probabilities are shown as functions of
flow discharge in mm/h at the outlet of the Rio Chagres basin for which the threat
index is estimated.
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The results shown in Figure 5.3 indicate that the imminent flash flood threat best performs at the
2-year return period flow level (approximately 10 mm/h) and, for that level, which corresponds
approximately to the bankfull flow at the outlet, the POD is maximum. For the bankfull flow
then the POD has a value of 0.83 while the POFD (or FAR) maintains a low value of 0.07.
Residual uncertainties in precipitation data and model parameters are responsible for the worse
than perfect scores (POD of 1 and FAR of 0). It is clearly demonstrated that, even in this very
convective regime and for a long period of record, the imminent threat index of duration 6 hours
is reliable because the FFGS is provided with good quality precipitation input and good quality
and high resolution spatial data for estimating land-surface component parameters.

5.3 Examples of Verification of Real-Time Flash Flood Warnings for Central America
The CAFFGS was the first regional flash flood guidance system to be implemented by HRC in
collaboration with NOAA and the meteorological and hydrological agencies of the countries. At
the time of implementation the region was covered with a very sparse network of on-site
automated precipitation gauges so the mean areal precipitation estimates had significant
uncertainty. The CAFFGS became operational in the summer of 2004 serving all seven countries
of Central America. In the Fall of 2004 and for 2.5 months, coinciding with the highest
precipitation period in Central America, two operational forecasters from the region (Ms.
Rosario Alfaro, a meteorological forecaster from Costa Rica, and Ms. Lorena Soriano, a
hydrological forecaster from El Salvador) collaborated to evaluate operational flash flood
forecasts issued in various countries on the basis of the CAFFGS products and other information.
These were the first flash flood warnings issued for the region.
Forecasters would evaluate the base products of the CAFFGS, make adjustments on the basis of
additional information from the field or their own experience and then issued forecasts. The lead
time verified was 3 hours. The two forecasters compared the performance of the forecaster
warnings to the performance of the threat products of the CAFFGS to discern the improvements
that forecaster adjustments offer in operations. The two forecasters also developed a ground truth
database of actual flash flood events during the evaluation period through close contact with the
local field offices in the regions of flash flood occurrence or the regions for which warnings were
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issued. Both the time and the location of the actual events were noted and the events that were at
or near the outlets of CAFFGS delineated basins were used for the evaluation of the threat
products.
Contingency tables were constructed as per methodology guidelines (Section 5.1). To verify the
3-hour-duration imminent flash flood threat it was assumed that a warning would be issued when
the threat index was positive and no warning would be issued if it was zero. There was a total of
30 events that were verified throughout Central America during the evaluation period. Of these
approximately 57% were correctly identified (percent hits or POD) by positive CAFFGS threat
indices. A total of 30% of the events identified by the CAFFGS as hits actually did not
materialize (false warnings or FAR), and no positive threat index was produced for
approximately 13% of the events (percent misses or Probability of a Miss). For the same sample,
when forecaster adjustments were made and warnings were then issued by forecasters,
depending on the country, the percentage of hits ranged from 63-100%, the percentage of false
warnings was reduced to 0-21%, and the percent of misses ranged from 0-17%.
Clearly, forecasters add significant value to the base products of the FFGS by both increasing the
percent of hits and reducing the percent of false warnings. For instance, it is noted that the flash
flood threat index products of the FFGS are for the exceedance of the bankfull level of the river
at the outlet of the FFGS basins. These products are an early indication of potential flash
flooding as it is very likely that impactful flash flooding would occur at levels much higher than
the bankfull level in most field events. By adjusting for this based on their local knowledge,
forecasters reduce substantially the false warnings as estimated on the basis of what is reported
as an actual flash flood occurrence in the field. Forecaster adjustments of the precipitation
estimates on small flash flood prone scales also improve substantially the verification scores,
especially in regions of sparse on-site real-time gauge support.
Through the extensive training that is part of the FFGS implementations, forecasters are
instructed to have annual evaluations of flash flood forecast and warnings for understanding the
uncertainties associated with the existing data support for the FFGS implementations, and the
system spatial and seasonal structure of errors. Countries have begun this process based on the
methodologies described in Section 5.1 and their own added performance indices. For example
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and for the country of Turkey (part of the Black Sea and Middle East FFGS, BSMEFFGS), for
the year ending in June 2013 and for a total of 61 events and 68 warnings issued, POD was
estimated to be 0.70, false alarm rate (FAR) was estimated to be 0.07, false alarm ratio was 0.32,
and the threat score was found to be 0.50. Annual re-evaluation of the performance points to
persistent errors and increase of performance scores building confidence in the forecast process.

6. PROSPECT

The guidelines provided in this report for the verification of the operational products of the Flash
Flood Guidance System (FFGS) and of the flash flood warnings that utilize such products
provide a basis for the sustainable use of the FFGS in flash flood warning and response
operations. The products are specific with respect to their location (small flash flood prone
basins) and time (1-6 hours), and continuing validation of such products builds experience for
forecasters that make adjustments for improved reliability. In addition, verification efforts may
identify locations or seasons of persistent uncertainty that may require deployment of additional
on-site gauges or changes to model parameters for the FFGS or the external mesoscale numerical
weather prediction models. As verification efforts are performed on a routine basis for the 64
countries currently covered by the FFGS, common strengths and weaknesses may be identified
to improve system components in future versions.
During the FFGS training program, stand-alone executable software was made available by the
Hydrologic Research Center to the representatives of the National Meteorological and
Hydrological Services (NMHSs) of the participating countries. The software performs: (a)
remotely sensed data validation on the basis of on-site gauge precipitation data (Georgakakos
2015); and (b) sensitivity analysis runs of the land-surface soil water dynamics component to
assist with understanding the dependence of soil water estimates on the parameters of the
operational model (Georgakakos 2016). The use of such software in the context of the
verification guidelines and examples provided herein should support the sustainability of
verification operations and the FFGS judicious product use by operational forecasters.
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APPENDIX A: BASIC STATISTICAL DEFINITIONS

Throughout this Technical Report, various basic statistical indices and terms are being
mentioned. In this Appendix, we provide a short description and a formulation of these terms.
Additional information can be found in basic introductory statistical inference books.
Descriptive inferential statistics are used to summarize the characteristics of sample data in order
to make general conclusions (inferences) about the populations. Within the context of the FFGS
let’s assume that we are analyzing a time series of one of the FFGS products for a specific basin.
This selected product (X), which may represent mean areal precipitation or other products, can be
described as a time series of values using the following notation: 𝑥1 , 𝑥2 , 𝑥3 , … 𝑥𝑛 ,

𝑡 = 1, … , 𝑛

where x represent the value of the selected variable (a realization), t represents the sequence of
time steps and n is the number of time steps in the sample.

Average
An average or mean value is a single number taken as representative measure of the central
tendency of the time series. The term "average" often refers to the arithmetic mean, and it is
calculated as the sum of all the values divided by the number of values being averaged.
𝑛

1
1
𝜇 ≈ 𝑥 = (𝑥1 + 𝑥2 + 𝑥3 + … +𝑥𝑛 ) = ∑ 𝑥𝑡
𝑛
𝑛
𝑡=1

The mean value of the population of all possible values is usually denoted by μ, whereas the
average of the finite sample is denoted as 𝑥. As n increases, the sample average tends to the
population mean.
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Median
The median is the middle number of a set of numbers arranged in numerical order. If the number
of values in a sample is even, then the median is the sum of the two middle values, divided by 2.

Variance and Standard Deviation
The variance is a measure of how the sample is dispersed about its mean. The variance of a set of
observations is the average of the squares of the deviations of the observations from their mean.
The standard deviation is the positive square root of the variance and it has the units of the time
series values:
∑𝑛𝑡=1(𝑥𝑡 − 𝑥)2
𝑛−1

𝑆=√

Coefficient of Variation
The coefficient of variation is a dimensionless measure of the relative variability. It is measured
as the ratio of the standard deviation divided by the mean:
𝐶𝑉 =

𝑆
𝑥

Skewness Coefficient
The skewness Coefficient is a measure of the asymmetry of the collection of values in the time
series. It is given by:

𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =

∑𝑛𝑡=1(𝑥𝑡 − 𝑥)3
𝑆3

108

A positive skewness coefficient implies that the time series has a collection of larger values with
a longer range than those of the smaller values. In probabilistic terms the right tail of the
empirical probability distribution function is longer than the left tail.

Correlation Coefficient
Correlation coefficient (R), also often referred to as Pearson's Correlation Coefficient, R, or the
bivariate correlation, is a measure of the linear correlation between two variables (X and Y). It
has a value between +1 and −1, where 1 is perfect positive linear correlation, 0 is for lack of
linear correlation, and −1 is for perfect negative linear correlation. Given the following paired
data from two time series for products X and Y, {(𝑥1, 𝑦1 ), … , (𝑥𝑛, 𝑦𝑛 )}, and considering n pairs,
the R can be defined as:
𝑅=

∑𝑛𝑡=1(𝑥𝑡 − 𝑥)(𝑦𝑡 − 𝑦)
√∑𝑛𝑡=1(𝑥𝑡 − 𝑥)2 √∑𝑛𝑡=1(𝑦𝑡 − 𝑦)2

Root Mean Square Error (RMSE)
RMSE is a measure of how well a model performs in reproducing the observations. It is a
measure of the difference between the predicted or simulated model values and the observed
reference values. The RMSE indicates the absolute fit of the model to the data and measures how
close the observed data points are to the model’s predicted or simulated values. Lower values of
RMSE indicate better fit. As in the example for the correlation coefficient formulation, let us
assume that X the observed reference variable with a time series of observed values, and Y is the
corresponding simulated or predicted variable with a time series of corresponding values to the
time series of X. Then the RMSE is calculated as:
2
∑𝑛
𝑡=1(𝑦𝑡 −𝑥𝑡 )

𝑅𝑀𝑆𝐸 = √

𝑛
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Cumulative distribution
Statistical distribution of a variable tells us what values the variable takes on and how often it
takes these values. The cumulative distribution function (cdf) for a given value x, describes the
probability that the variable has a value that is less than or equal to x. In the example of the cdf
plot that is shown below it can be said that there is a probability of 80% to get a value that is less
or equal to 40 (blue arrows).

Climatology
Climatology is defined as the long-term average of a given variable and can be computed for a
variety of time ranges. A monthly climatology, for example, will produce mean values for each
month and a daily climatology will produce a mean value for each day of the year, over a
specified time range.

Anomalies or Residuals
Anomalies or residuals are the deviations of a variable value from the mean of its values. A time
series of anomalies or residuals are created by subtracting the climatological values from
observed data. For example, let’s assume that the (2012-2019) climatological January
precipitation in a selected basins is 300 (mm/month) and the observed January precipitation in
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the same basin was 400 mm during January 2019. Thus, the January 2019 anomaly or residual
value is 100 mm/month (400 – 300).

Biases
The long term average of the anomalies or residuals that describe the difference between
predicted or simulated values and the corresponding observed values for a given period is called
a bias. The bias is associated with the time range for which the residuals or anomalies are
computed (e.g., by certain month, or overall). Biases describe persistent errors and, given enough
historical simulations/predictions and observations, they may be identified and the time series of
simulations or predictions be adjusted to mitigate this bias. In particular biases in precipitation
are significant as they influence the estimates or predictions of soil water significantly over time.
A generalized version of a bias may be identified by the differences in quantiles (e.g., deciles or
terciles) of the cdf of simulations/predictions and observations. In such case, these biases
characterize uniquely individual quantiles of the cdfs and they may be different for different
quantiles.

Categorical Verification Scores
Many verification studies rely on a categorical approach that considers a range of values to be
classified into a prescribed category. The categorical approach often refers to the occurrence or
non-occurrence of a specific meteorological or hydrological event. The exact nature of the event
must be clearly identified with respect to the event characteristics, spatial extent and time span.
For instance, the forecast and observed time series pertaining to the occurrence of a flash flood
event can be converted to a categorical time series that contain values of 1 and 0, with the former
indicating occurrence and the later indicating non-occurrence in both observed and
forecast/simulated time series.
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A commonly used evaluation metric to analyze or validate the relationship between two
categorical variables is the contingency table. In a categorical data analysis, the data that fall into
discrete categories can be organized into a contingency table. The contingency table provides a
summary of the frequency of the occurrence of each categorical combination (see Figure A.1).
The categorical data in the contingency table can be tabulated as counts of the following four
categories.

Event Occurred?

Figure A.1:

No

Hits (H)

False Alarms (FA)

Misses (M)

Correct non-events

Yes

Yes

(CN)

No

Forecasts/simulations

Event Occurred?

Reference Observations

A schematic example for 2x2 contingency table to evaluate dichotomous

variables.

Hits: cases when the forecasts correctly predicted the observed events (f=1, o=1)
False Alarms: cases when the forecasts predicted events and events were not observed (f=1, o=0)
Misses: cases when the forecasts predicted no events and events were observed (f=0, o=1)
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Correct Non-Events: cases when the forecasts predicted no events and events were not observed
(f=0, o=0)

The interpretation of the contingency table can sometimes be challenging. A perfect forecast is
the case in which the sum of frequency of the hits and correct non-event equals 1. This is of
course an ideal case that is unlikely to be achieved in real-time forecasts. Various
mathematically derived indices can be computed to summarize the contingency table. In the
discussion below we introduce some of the most commonly used indices.


Probability of Detection (POD): describes the fraction of the reference observations
detected correctly by the forecast relatively to the number of times that the event actually
occurred. POD = H / (H+M). The POD ranges from 0 to 1; 0 indicates no skill and 1
indicates a perfect score.



False Alarm Ratio, corresponds to the fraction of events identified by forecasts but not
confirmed by reference observations relatively to the number of times that that forecast of
the event were made: FAR = FA / (H + FA). The FAR ranges from 0 to 1; 0 indicates a
perfect score



False Alarm Rate (FAR or POFD), not to be confused with the False Alarm Ratio and
often called probability of false detection, refers to the ration of false alarms to the total
number of the non-occurrences of the events. F = FA / (FA + CN)



Critical Success Index (CSI), also known as the Threat Score, combines different aspects
of the POD and FAR, describing the overall skill of the forecast relative to reference
observation. CSI = H / (H + M + FA). The CSI ranges from 0 to 1; 0 indicates no skill
and 1 indicates a perfect skill.
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