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Abstract

This study created a 13 yr historical archive of operational flood forecasts issued by
the Regional Flood Management and Mitigation Center (RFMMC) of the Mekong River
Commission. The RFMMC issues 1 to 5 day-ahead daily deterministic river height fore-
casts for 22 locations throughout the wet season (June—October). When these fore-
casts reach near Flood Level, government agencies and the public are encouraged
to take protective action against damages. When measured by standard skill scores,
the forecasts perform exceptionally well (e.g. 1 day-ahead Nash—Sutcliffe > 0.99) al-
though much of this apparent skill is due to the strong seasonal cycle and the narrow
natural range of variability at certain locations. 5 day-ahead forecasts upstream of Ph-
nom Penh typically have 0.8 m error standard deviation, whereas below Phnom Penh
the error is typically 0.3 m. The Coefficients of Persistence for 1 day-ahead forecasts
are typically 0.4—0.8 and 5 day-ahead forecasts are typically 0.1-0.7. RFMMC uses a
series of benchmarks to define a metric of Percentage Satisfactory forecasts. As the
benchmarks were derived based on the average error, certain locations and lead-times
consistently appear less satisfactory than others. Instead, different benchmarks were
proposed and derived based on the 70th percentile of absolute error over the 13yr
period. There are no obvious trends in the Percentage of Satisfactory forecasts from
2002—-2012, regardless of the benchmark chosen. Finally, when evaluated from a cate-
gorical “crossing above/not-crossing above flood level” perspective, the forecasts have
a moderate probability of detection (48 % at 1 day-ahead, 31 % at 5 day-ahead) and
false alarm rate (13 % at 1 day-ahead, 74 % at 5 days-ahead).

1 Introduction

The Mekong River is one of the few large rivers where its flow has not yet been drasti-
cally modified by human development. It is a complex and varied system, both naturally
and institutionally, originating in the Tibetan Plateau, flowing through six countries, and
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discharging to the Mekong Delta in Viet Nam. The region and the River are underdevel-
oped, and there are anticipated major geopolitical, economic, social, and environmental
changes — such as the planned five-fold increase in reservoir storage in the next ten
years (Johnston and Kummu, 2012) — to support the irrigation and hydropower needs
of a rapidly growing population (Pech and Sunada, 2008). Deforestation and urbaniza-
tion are likely, along with the construction of roads, embankments, and flood protection
works.

Flood forecasts help the economic development of the region while mitigating flood
damages and mortalities. The first flood forecasting program was established following
a very large flood in 1966 (Plate and Insisiengmay, 2005), and a sequence of nearly
unprecedented floods in 20002001 lead to the establishment of the Mekong River
Commission’s (MRC) Regional Flood Management and Mitigation Center (RFMMC)
in Phnom Penh, Cambodia. The RFMMC and the flood forecasts it produces are part
of a broader water management plan that includes both structural and non-structural
measures designed to keep floods away from people and people away from floods,
respectively.

The RFMMC generates 1 to 5 day-ahead forecasts, updated daily, during the wet
season (June—October) and 1 to 7 day-ahead outlooks, updated weekly, during the dry
season (November—May). It also creates qualitative flood forecasts, which describe
the expectation of flooding (i.e. may not refer to a specific place but could be used
for flash flood advice or for seasonal outlooks). The forecasts are bundled with recent
observed data and distributed as the Mekong Bulletin to 39 water-related government,
non-government, and United Nations agencies in Viet Nam, Thailand, Lao People’s
Democratic Republic (PDR), and Cambodia; and made publicly available on the Inter-
net (Mekong River Commission, 2013). National television, radio broadcasting, tele-
phone, facsimile, e-mail, websites, and newspaper networks are used to deliver flood
information to the public. However, many people find it difficult to obtain real time alerts
as they do not have access to email and websites (Keoduangsine and Goodwin, 2012).
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The RFMMC uses human expertise and a combination of hydrologic, hydraulic, and
statistical models to generate the forecasts. The RFMMC inherited several forecasting
models, including the Streamflow Synthesis and Reservoir Regulation (SSARR, Rock-
wood, 1968) installed in 1967 to simulate flows in the main river from Chiang Saen
to Pakse (Johnston and Kummu, 2012). Following the recommendations of a compre-
hensive review (Malone, 2006) the forecasting system was updated in 2008, including
using new data sources, improved and extended use of rainfall forecasts, and improved
flood forecast models. The RFMMC shifted to the Delft-FEWS platform using the URBS
event-based hydrologic model with Muskingum routing, as well the ISIS hydrodynamic
model (Tospornsampan et al., 2009). It expanded its use of satellite-based precipita-
tion estimates to supplement the sparse ground-based rain gauge network. Over time,
the operational forecasters have improved and gained experience with the system. The
system was immediately tested by major floods in 2008 and again in 2011, after which
the forecasters re-tuned the model parameters.

Performance evaluation is a critical component of any forecasting system. Compari-
son of actual operational forecasts (and/or retrospectively generated hindcasts) to ob-
servations can highlight strengths and weaknesses of a system, helping to identify
opportunities to improve forecasts. Performance evaluation can also show the value of
forecasts to program managers and demonstrate the improvements realized from past
investments in system upgrades. Users of the forecasts can consider information about
the expected error of any given forecast to manage risks associated with taking action
to protect against anticipated floods. Further, performance of operational systems can
be compared to experimental and research systems to evaluate the potential adoption
of new techniques and technologies. There have been increased calls for study of “hy-
drologic forecasting science” as a way for forecasts to improve our understanding of
natural systems and vice versa (Welles et al., 2007).

This article is the first evaluation of the performance of the entire history of opera-
tional flood forecasts of the RFMMC. This study is intended not only as an external and
independent investigation into forecast accuracy, but as a basis for considering and
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implementing further improvements to the RFMMC flood forecasting system. Addition-
ally, the operational performance evaluation methods in use at RFMMC and outlined
here and may serve as templates for others in the region and overseas.

The article begins with a discussion of the study locations and the available data.
It reviews past efforts at evaluating Mekong River forecasts and outlines the forecast
evaluation method used here. The performance of the forecasts is then measured and
the implications discussed.

2 Study locations

The Mekong Basin has several geographic features that make forecasting challenging.
According to MRC (2005):

“Kratie is generally regarded as the point in the Mekong system where the hydrol-
ogy and hydrodynamics of the river change significantly. Upstream from this point,
the river generally flows within a clearly identifiable mainstream channel. In all but the
most extreme flood years, this channel contains the full discharge with only local over-
bank natural storage. Downstream from Kratie, seasonal floodplain storage dominates
the annual regime and there is significant movement of water between channels over
flooded areas, the seasonal refilling of the Great Lake and the flow reversal in the
Tonle Sap. There is extreme hydrodynamic complexity in both time and space and it
becomes impossible to measure channel discharge. Water levels, not flow rates and
volumes, determine the movement of water across the landscape. . . As the water level
in the mainstream falls in late September, water flows out of the lake down the Tonle
Sap back into the Mekong mainstream. Nowhere else in the world is there a flow re-
versal this large”.

The Tonle Sap is the largest freshwater lake in Asia. The Bassac River is a dis-
tributary of the Tonle Sap and the Mekong River downstream of Phnom Penh, flowing
alongside the mainstream channel.
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Above Kratie, the basin is further divided at Vientiane-Nong Khai. Upstream of this
point, especially in China, the catchment is relatively steep and fast responding al-
though a snowmelt component contributes to flow in the dry season. The lower basin
is dominated by wet-season runoff originating in Lao PDR. RFMMC currently produces
forecasts of water level at 22 locations and discharge at 14 locations; there are no
discharge forecasts below Kratie (Table 1 and Fig. 1).

The forecast points are the locations of river gauges; additional information is neces-
sary to translate the forecasts at gauges to water levels in the many local villages along
the floodplain. Each forecast point has a defined Flood Level (e.g. 11.8 m) at which
point local and national authorities need to take urgent measures to prevent signifi-
cant damage. Flood Levels are determined by the member states, with the definition of
Flood Level dependent on national standards. Alarm Level is typically exceeded three
days before Flood Level is reached or exceeded. Alarm Levels are determined by the
RFMMC and member states based upon the defined Flood Level and an analysis of
historic flood records (Mekong River Commission, 2013).

In the lower parts of the basin, maximum river level is not the only flooding concern.
Prolonged periods of flow above a given discharge can cause the weakening and col-
lapse of protection dikes. Also, rice paddies can be submerged in water for 8 to 10 days
and survive, but longer than that and the crop begins to die (Mekong River Commis-
sion, 2005). Total annual volume of flow is sometimes used as a proxy for the damages
caused by long-duration floods. The RFMMC currently only produces 1 to 5 day-ahead
forecasts but there is strong interest in medium-range and seasonal forecasts.

The flow has strong seasonality with a well-defined wet season during June to Oc-
tober (Fig. 2). The upstream station, Luang Prabang, routinely has six or more peak
flows during a single season, with the greatest peak typically occurring in June. Pakse,
downstream, is less variable, with fewer peaks later in the season (August is a typi-
cal peak period but in 2007 floods occurred as late as October). Tan Chau at the Viet
Nam/Cambodia border and near the Delta is nearly completely dominated by the sea-
sonal cycle and there are instances of river heights exceeding Flood Level for more
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than a month. When Tan Chau river height is below 2 m (usually December—July), the
station is affected by ocean tides. These tides have an effect as far upstream as Phnom
Penh at the nadir of the dry season.

Total travel time between Chiang Saen and Phnom Penh is about 10 days. In the
steep river reach between Chiang Saen and Vientiane, floods can travel at approxi-
mately a speed of 400 km per day. Downstream of Vientiane, the speed is half of this
or less, especially near the Delta. Below Phnom Penh, depending on the level of the
Tonle Sap and tides, the river can stagnate and change direction.

Rain gauge density (but not spatial distribution) in Thailand and Viet Nam is fair, but
the networks are inadequate in Cambodia and Laos (Pengel et al., 2008). There is
little automation and telemetry of measurements, in part because human observers
remain relatively inexpensive and provide reliable quality data. Runoff coefficients
(runoff/precipitation) vary between 0.34 and 0.52 for individual locations, with 0.41 for
the whole basin (Hapuarachchi et al., 2008).

3 Data

The primary distribution channel of the RFMMC'’s forecasts is the Mekong Bulletin. The
Bulletin’s tables and graphics are created using templates in Excel spreadsheets. For
this study, processing scripts were used to extract the numerical values of the forecasts
from the spreadsheets in order to place them in a consistent structure. The layout of
the spreadsheets has changed over time and they are designed to be human-readable
(as opposed to having a strict and consistent format for machine-readability). Therefore
care was taken to visualize the end results to detect outliers and possible processing
errors.

Operationally, a new spreadsheet is saved for each day’s forecasts, normally named
“F” with a suffix of the issue day, month and year (e.g. F21Aug09.xIs). File names may
have slightly different suffixes (e.g. F21Aug09_Original.xls, F21Aug09_lsis.xls). The
latter may contain raw model output and not as-issued forecasts. The suffix “Original”
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was allowed in the 0.65 % of cases that a normal-named file did not exist for a given
date. 3531 spreadsheets were identified as potentially containing official forecasts.

There are many examples of multiple files with the same name existing in various lo-
cations in the RFMMC operational forecasting directory structure. The union of all fore-
casts was retained (i.e. non-blanks overriding blanks) and in the 0.41 % cases where
forecasts with the same location, issue date, and lead-time conflicted, the original files
were manually inspected and subjective judgment used to select the numbers that best
reflect the forecaster’s intent (e.g. 4.17 is more likely than exactly 0.00). The forecasters
have the option to issue a “first” (i.e. provisional) forecast at 10a.m. and a “follow-up”
forecast a few hours later. This is only done around five times per season and the
metadata insufficiently distinguish first and follow-up forecasts.

This study archived the forecasts in absolute heights above Mean Sea Level and
relative to the gauge datum (“Zero Gauge Levels”, Table 1). The Bulletins contain these
Zero Gauge Levels but when one was missing, the Zero Gauge Level was inferred from
earlier and later forecasts.

The observations were collected from several sources. The Bulletins often contain
observed river height for the prior two days. This is the 7 a.m. reading and the data are
provisional. Unfortunately, during the dry season when the forecasts are issued every
seven days and only extend to seven days ahead, there will be nearly no overlap be-
tween the Bulletins’ forecasts and observations. The RFMMC also receives four other
manual readings per day along with continuous automated hourly data where available.
These data are reviewed and corrected for errors and archived as a daily average in
the operational database. This second source of data was time shifted to match the
interpretation of the RFMMC forecasts (i.e. instantaneous height at 7 a.m.). Thirdly, the
IKMP (Integrated Knowledge Management Programme) of the Technical Support Divi-
sion of the MRC is the long-term custodian of the data and provides July—October data
for 2008—2012 on the Internet (http://ffw.mrcmekong.org/historical_rec.htm).

The observations from these three sources (Bulletins, Operational Database, and
IKMP) were visualized together to discover and remove obvious outliers. The data
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were merged in order of priority of: Bulletins < Operational Database < IKMP. There
are 4598 days (12.6 yr) of observations for 22 stations. 21 % of these observations are
missing, 58 % came from the Operational Database, 16 % from IKMP, and 4 % from the
Bulletins.

Finally, the forecasts and observations were visualized together to inspect for out-
liers. 73 of 353547 forecasts (roughly 1 in 5000 or 5 per year) appeared as outliers
and the original Bulletins were examined to determine the cause. In 32 % of cases,
the Bulletins contained forecasts for a date other than what was indicated by the file-
name and therefore were excluded. 12 % of cases resulted from a keying error (e.g. 9.3
meant to be 6.3). 57 % appear to be genuine model malfunctions. For example, during
13—17 November 2011 (during the dry season), the forecast contains unreasonably low
discharges in the headwaters and errors in excess of 3m. When available, observed
flow from China is used by the RFMMC as an input to the model and it is possible
that 0 inflow was entered when it should have been listed as missing. The forecasts
with keying errors and model malfunctions are available to the public and therefore are
an actual part of the user experience. However, for the purposes of this study all fore-
cast outliers were removed because they are extremely rare, are not systematic, and
it is hoped that attentive users would know that the forecasts are unreasonable. When
forecaster intent was clear, keying errors were corrected to the likely true value.

4 Previous studies

Although this article is the first evaluation of many years of operational forecasts, the
RFMMC has been evaluating its forecasts for practically as long as it has been issuing
them. The purpose of the evaluations has mainly been to give users a realistic view of
the accuracy that can be achieved, particularly by emphasizing the high uncertainty in
the forecasts with longer lead-times (Pengel et al., 2007).

Plate et al. (2008) demonstrated general evaluation concepts using water level fore-
casts from the SSARR model for the 2005 wet season (July—October) as examples.
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The study included standard performance measures such as the Nash—Sutcliffe (NS,
the mean squared error of the forecasts, relative to the error if the long-term average
water level were used in place of forecasts, 1 is perfect, 0 is no-skill, Nash and Sut-
cliffe, 1970). The performance was exceptional (i.e. NS 0.99 for 1 day-ahead, 0.8 for 5
day-ahead forecasts at Pakse) but this is partly because of the strong seasonality of
flows. Plate et al. (2008) proposed a “Quality” score, which is similar to NS but uses
persistence instead of long-term average water level as a baseline and has a reverse
orientation (i.e. 0 is perfect, 1 is no-skill). This is a more difficult baseline to outper-
form and Quality scores at Pakse were 0.47 for 1 day ahead degrading to 0.74 for 5
days ahead. They explored progressively more difficult baselines, such as persistence
extrapolated by trend of the observations.

Kanning et al. (2008) expanded on these results using operational wet season fore-
casts in 2006 and 2007. Their analysis included measures of forecasting system reli-
ability, i.e. the percentage of days a forecast was not issued at all because of a lack
of real-time data (typically 20 % and most often missing on weekends and holidays,
as well as during extreme floods when it was unsafe to continue manual readings).
Furthermore, forecast performance at Kratie was shown vs. lead-time, demonstrating
1 m standard deviation of error at 5 days ahead. Average error (i.e. bias) and error
standard deviation were shown for all forecast locations, illustrating the high error in
the upper catchment and very little error downstream of Phnom Penh. Interestingly, the
raw SSARR model output was compared to the performance of the as-issued forecasts
that include adjustments based on hydrologist expertise; at Stung Treng the human-
adjusted forecasts had better error standard deviation (about a 10 % reduction in error
at 3 days ahead lead-time but no reduction at 5 days ahead) and worse bias. Sources
of error were discussed and quantified, such as rainfall forecast error and stream gauge
rating curve uncertainty.

Following the major system upgrade in 2008, Smith (2009) was tasked with estab-
lishing a set of performance indicators and benchmarks for the RFMMC. These include
a set of forecast accuracy measures such as mean error, mean absolute error, and
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error standard deviation; and categorical measures such as false alarm rate and prob-
ability of detection of conditions above Flood Level. It discussed benchmark values as
well as targets for the improved system. It outlined measures of the quality of service,
such as the timeliness of forecast release, number of website hits, customer satisfac-
tion indices and number of staff changes during flood season, among others. These
guidelines are largely modelled after those used by the US National Weather Service
(Corby et al., 2002).

Informally, the RFMMC has monitored and communicated the performance of the
forecasts on a daily, weekly and monthly basis through internal discussions and tele-
conferences with key users. For several years now the RFMMC has also published
routine “Annual Flood Season Performance Evaluation” reports and “Seasonal Flood
Situation” reports describing the character of the flood season and the activities of the
RFMMC. Along with narrative of the meteorological systems and flood response, these
reports often compare the accuracy of the as-issued forecasts to several other sys-
tems (e.g. the raw model output when forced with ground based rainfall observations,
or the model when forced with satellite rainfall estimates, etc). They include tables of
the percentage of forecasts with an acceptable level of accuracy that vary by location
and lead-time (Table 2); in 2011 roughly 60 % of the raw model output forecasts were
acceptable. In 2009, operational (expertise-enhanced) forecasts were, in total, 73 % ac-
ceptable. Tospornsampan (2009) did similar side-by-side comparisons of old and new
model performance, and also measured the (poor) performance of 10 day forecasts
that assume zero precipitation after day 5.

In external studies (e.g. Hapuarachchi et al., 2008) and the RFMMC'’s reports, the
most commonly cited challenge for modellers and forecasters is a lack of in situ data.
Pengel et al. (2007) stated that climate networks in Cambodia and Lao PDR, the major
water-producing areas during flood season, were being upgraded from 59 to 86 real-
time rainfall stations. Even under the expanded system, the coverage would be more
than 4150 km? per raingage, which is less than one fifth the minimum density rec-
ommended by the World Meteorological Organization. RFMMC uses several remotely
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sensed products but the satellite-based rainfall estimates commonly differ from the
in situ measurements and each other by 20—60 % on seasonal timescales (or over
200 % in extreme cases).

In operational practice, the final products from the model are examined and anal-
ysed by the flood forecaster in charge, who may change the forecast based on his
judgement by utilizing his knowledge of the system, relevant information (e.g. hydro-
meteorological data, satellite images, weather charts, storm forecast etc.), and past
experiences. These forecaster adjustments commonly occur upstream of Kratie and
have been shown to yield substantial improvements to forecast skill over the raw model
output (Kanning et al., 2008).

5 Method

Aspects of performance of the forecasts are measured in a variety of ways in this
study. The deterministic forecasts are of a continuous variable at point locations (river
height measured in the morning at specific gauges). The accuracy of the forecasts is
calculated using the standard deviation of the error, with 0 being a perfect value;

o(loc,lead) = ¢% Zf; { [f:(loc,lead) — 0, jeaq(l0C)] — [f,-(loc, lead) — 0/+Iead(loc)] }2

where f;(loc,lead) is the forecast issued on day / for a given location and lead-time
(lead = 1 to 5 days). The corresponding observation occurs at 0,,.44(l0C). Forecasts
and/or observations are missing on some days, and statistics were only calculated
on days with valid forecast-observation pairs. This measure does not consider bias
(average error).

While the error standard deviation is a highly relevant evaluation measure for an in-
dividual user at a single location, this measure is often highly influenced by the hydro-
logical characteristics of the river and is less influenced by the quality of the forecasts.
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For example, the difference between maximum and minimum height for Luang Pra-
bang during 2000-2012 is 18.1 m whereas Tan Chau did not vary by more than 5.1 m.
Therefore the former is likely to be a more difficult forecasting challenge than the latter.

To facilitate easier comparison of performance across locations, it is useful to nor-
malize the results. The Nash Sutcliffe (NS) is one minus the mean squared error of the
forecasts divided by the variance of the observations;

3%, { 106, lead) - 0, eaqll00)] - [7106,16a0) — 0;,gaql100)] }

NS(loc,lead) =1 - 5
> [0/+|ead(|00) - oi+|ead(loc)]

An NS of 1 is perfect, 0 indicates no skill over always guessing the long-term average,
and values less than 0 imply negative skill.

For slowly varying rivers and/or rivers with a strong seasonal cycle, the long-term
average is an uninformative baseline. Instead, researchers commonly use a Coeffi-
cient of Persistence (CP) that is similar to NS but the baseline uses the value of the
observation at the start of the forecast issuance (Kitanidis and Bras, 1980)

31%1{ [fi10c, lead) - 0;,¢aq(100)] - [7(I06,Iead) = 0/, aq100)] }2

N 2
> i—1 [0/ 41ead(loc) — 0;(loc)]
The baseline could also be persistence extrapolated into the future using the trend of
the two observations prior to forecast issuance:

CP(loc,lead) =1 —

f;(loc, lead) = o;(loc) + lead - [0;(loc) — 0;_4(loc)]

RFMMC commonly calculates a Percentage Satisfactory index, measuring the percent-
age of forecasts where the error is less than a prescribed threshold B(loc, lead).

|7;(loc,lead) — 0, eaq(lOC)| < B(loC, lead) 1

N
1
%mm%m=ﬁgd% 0
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PS of 1 is perfect and 0 is completely unsatisfactory. The thresholds depend on the
user’s concept of “satisfactory”. They could be based on maintaining a consistent level
of service (e.g. are this year’s forecasts at least as good as last year's?) or based on
the decision-making context (e.g. is the accuracy sufficient for planning purposes?).
Finally, perhaps the most visible and important forecasts of the RFMMC are those
that predict a passing into Flood Level conditions. The continuous forecasts of water
level can be converted to categorical forecasts of “Yes flood” and “No flood”, based
on the Flood Levels published in the Bulletins. A contingency table can then be con-
structed measuring the fraction of observed and/or forecast events that were correctly
predicted. The false alarm rate is the fraction of times that the forecast indicated an
event (e.g. flood) but no event occurred (0 is perfect). The probability of detection is the
fraction of times that the forecast indicated an event, relative to all the times the event
occurred (1 is perfect). The Equitable Threat Score combines hits, misses, and false
alarms in a manner that considers the rarity of the event (Gandin and Murphy, 1992):

H-H,

ETS =
H+FA+M-H,

Where H is hits (forecasts said flood, observed was flood), M is misses (forecasts said
no flood, flood occurred) and FA is false alarms (forecast said flood, no flood occurred).
H, is the expected hits by chance and is given by

_ (H+FA)(H + M)
e N

Where N is the total events and non-events. For rare events, the worst value of ETS is
near 0 whereas a perfect score is 1.

Throughout this study, only forecasts issued during the wet season (June to October)
were evaluated. During the dry season the rivers remain predictably near baseflow and
can be affected by ocean tides.
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6 Results

Upstream of Kompong Cham, with the exception of Luang Prabang (which is the low-
est accuracy location), 1 day-ahead forecasts have an error standard deviation of ap-
proximately 0.17 m, increasing to 0.83m at 5 days ahead. Below Pakse, the 1 and 5
day-ahead forecasts have higher accuracy with an error standard deviation of 0.06 and
0.26 m respectively (Fig. 3). Most locations upstream of Phnom Penh have an observed
standard deviation near 2.5 m although Kratie has a value as high as 3.6 and Chiang
Saen (the most upstream point) is as low as 1.4 m. Below Phnom Penh, the observed
standard deviation is typically close to 1.5m.

When compared to the baseline of the long-term average, the forecasts appear
exceptionally skilful; all locations except Chiang Saen have 1 day ahead NS scores
greater than 0.99 (1.0 is perfect). Upstream of Kratie, 5 day ahead NS are typically
0.90, and the NS are still above 0.98 for the points downstream. Undoubtedly, much of
this apparent skill comes from the strong seasonal cycle and the slow variations of such
a large river system. When compared to persistence, the skill is more modest, with CP
scores between 0.4-0.8 for 1 day-ahead and 0.1-0.7 for 5 day-ahead forecasts. These
results are similar to but somewhat better than what is reported by research models
(e.g., Shahzad et al., 2009, reported NS ~ 0.9 and Persistence Index of 0.2—0.5). For
lead-time 1 day, persistence extrapolated by a linear trend outperforms the operational
forecasts for 12 out of 22 locations, however, for 2 days and greater, persistence with
trend is consistently worse than simple persistence only.

As mentioned in previous sections, the RFMMC commonly reports the Percentage
Satisfactory forecasts as a measure of performance. Three benchmarks are available,
the first of which has been used operationally for many years (“Legacy”, included in
old seasonal and annual RFMMC reports), the second and third were proposed by an
Australian consultant (“Malone”) and a US consultant (“Operational”, Table 2), the last
two extend to 10 days ahead and are reported in Smith (2009). Smith’s benchmarks
are more stringent than the others and were intended as stretch goals after the 2008
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forecast system upgrade. Smith’s benchmarks have been adopted as the operational
standard since 2011. All of the above benchmarks were typically based on the mean
absolute error of operational forecasts and/or raw model output over a single year,
rounded, and smoothed by a human expert. The long-term historical performance is
shown in Fig. 4.

The challenge in measuring the Percentage Satisfactory with baselines derived from
mean absolute error statistics, is that the results will depend on the distribution of errors.
The Mekong’s operational forecasts’ errors are leptokurtic in that the absolute errors
are positively skewed, more so for short lead-time forecasts. Therefore, long lead-time
forecasts and forecasts at certain locations will consistently appear less satisfactory
than others without any special circumstances. In contrast, basing the benchmarks on
median absolute error ensures that performance at all locations and lead-times will,
over the long run with a stable system, be satisfactory half of the time.

However, the existing measure is an established performance indicator at RFMMC
and users are familiar with it. Adjusting the benchmarks so that forecasts are typically
50 % satisfactory (instead of the current 65-80 %) may leave users and program man-
agers with the false impression of a dramatic loss of skill. Instead, this study defined
new benchmarks (Table 2, right) based on the 70th percentile of historical errors at
each location and lead-time. Values greater than 0.1 m were rounded to the nearest
0.05m, and values less than 0.1 m were rounded to the nearest 0.01 m, to ease pre-
sentation of the results.

Compared to the existing operational benchmarks, these new benchmarks are
stricter for short lead-times at nearly all locations and more lenient for long lead-
times between Chiang Khan and Kratie. Compared to the Legacy benchmarks, the
new benchmarks stricter at short leadtimes but relatively unchanged at long leadtimes.
As can be seen in Fig. 4, the new benchmarks give performance levels that are (by
definition) more consistent across locations and lead-times.

The Percentage Satisfactory forecasts for all locations and lead-times are dis-
played vs. time in Fig. 5. The year-to-year variability of performance under existing
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benchmarks is nearly identical to that of this study’s benchmark. Although there is
a gradual (albeit likely insignificant) upward trend in skill between 2006 and 2012,
there is no obvious cause for the higher skill in 2002—-2004. Individual stations and/or
leadtimes do not have significant trends for either Percentage Satisfactory or average
absolute error (not shown).

A contingency table of Yes/No forecasts for conditions above Flood Level is shown
in Table 3. Only shown are forecasts where the preceding observation was below the
Flood Level; such forecasts are the most important for users because after the flood
has started there are fewer options to take protective action. Do note that further infor-
mation is necessary to translate Flood Level at a specific gauge into local flood impacts
directly upstream and downstream of the gauge, given that the height of the embank-
ment varies.

Threshold crossing events (i.e. going from non-flood to flood) are very rare; at 11
of 22 stations there has never been a forecast at any lead-time that indicated that
the Flood Level would be crossed. This may be because Flood Levels are based on
local vulnerability and many places are highly protected. Therefore, the collection of
forecasts were pooled for all locations.

The vast majority (> 99.7 %) of forecasts correctly predict the persistence of below-
Flood Level conditions. Forecasts with 1 day lead-time have a moderate Probability of
Detecting floods (48 %) and a very low False Alarm Rate (13 %). Forecasts with 5 day
lead-time have a lower Probability of Detection (31 %) and a high False Alarm Rate
(74 %). The 1 day forecasts have a higher ETS than 5 day forecasts. Between days
1 and 5 (i.e. days 2—4, not shown), the skill declines nearly linearly with leadtime. Al-
though the sample sizes are very small, forecasts below Phnom Penh are somewhat
better at predicting threshold crossing events than are points upstream, presumably
due to the dominance of hydraulics over hydrology in the lowest reaches of the main-
stream channel.
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7 Discussion and conclusions

This study analyzed thirteen years of data from the operational flood forecasts for 22
locations along the Mekong River. The forecasts had very low error particularly in the
region downstream of Phnom Penh. When measured by standard skill scores, the fore-
casts perform exceptionally well, although much of this apparent skill is due to the
strong seasonal cycle and the narrow natural variability at certain locations.

When compared to the baseline of a persistence forecast, the operational skill is
more modest but still positive even at the longest lead-times suggesting that RFMMC
could be reasonably confident in extending its lead-times beyond 5 days. At several
locations, persistence with trend outperformed the 1 day-ahead operational forecasts.
Given that RFMMC makes extensive use of recent observed flows when generating
forecasts, this result may be partly an artefact of the real-time use of provisional data
that has since been revised. In other words, persistence with trend using provisional
observations (what is available in real-time) might not outperform the operational fore-
casts.

RFMMC currently creates an overall index of Percentage Satisfactory forecasts us-
ing an established set of (deemed) acceptable error levels. This study showed that
the current benchmarks make certain locations and lead-times consistently appear
to have less acceptable forecasts than others. If the error levels are based on user re-
quirements, the existing benchmarks should be retained, otherwise minor modifications
were proposed to the benchmarks to make the results more stable and consistent.

During historical forecast processing, occasional but rare outliers were detected, of-
ten resulting from keying errors or model malfunctions. RFMMC should strive to min-
imize keying errors by programmatically populating forecasts into product templates
from a digital database (something that should be easier under new modelling soft-
ware). Likewise, RFMMC should use automated routines and manual checks to pre-
vent forcing the models with obviously bad data. The forecasts should be visualized
in the context of the recent observations and historical climatology to ensure that
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unreasonable forecasts are not issued. For example, the recent observation can be
extended into an envelope of possibilities in the future based on simple autocorrela-
tion of historical river levels at a given location; the operational forecast can go outside
this envelope if anomalous conditions are predicted, but the envelope should not be
exceeded casually.

The RFMMC has done well to maintain an archive of operational forecasts. Effort
should be made to backfill the archive if more past forecasts are recovered. Also, future
forecasts should be archived in a consistent machine-readable format to facilitate easy
processing. Although not evaluated in this study, RFMMC also preserves raw model
output and these should be included in the forecast database. RFMMC should con-
tinue to foster a culture of continual forecast evaluation to demonstrate the value of its
forecasts to users and to assess the potential benefits of innovations in the forecasting
system.
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Table 1. Characteristics of forecast points along the Mekong River. ID is the identifier in the
RFMMC forecasting system and number is the identifier of the station in the MRC’s Master
Catalogue. Zero level is the datum of the river gauge. Anglicised names may vary by source
(e.g. Pakse vs. Pakxe or Paksé). Contributing area for locations below Phnom Penh vary sea-

sonally due to the reversal of flows.

ID Number Lat. Long. Distance  Travel time Upstream Alarm Flood Zero Name
(Deg.) (Deg.) upstream  to Phnom area Level Level Level
(km) Penh (days) (km2) (m) (m) (m)
CSA 010501 20.274 100.089 2364 10 185 115 11.8 357.11 Chiang Saen
LUA 011201 19.893 102.134 2010 9 262 17.5 18 267.20 Luang Prabang
CKH 011903 17.900 101.670 1716 8.5 289 17.32 174 194.12 Chiang Khan
VIE 011901 17.931 102.616 1584 8 295 11.5 125 158.04 Vientiane
NON 012001 17.881 102.732 1548 8 295 114 122 153.65 Nong Khai
PAK 012703 18.376 103.644 1395 7 332 135 145 142.13 Paksane
NAK 013101 17.425 104.774 1218 5.5 365 126 12,7 130.96 Nakhon Phanom
THA 013102 17.396 104.796 1216 5.5 365 13 13.5 129.63 Thakhek
SAV 013402 16.583 104.733 1125 5 382 12 13 125.02 Savannakhet
MUK 013401 16.544 104.732 1123 5 382 125 12,6 124.22 Mukdahan
KHO 013801 15.318 105.500 909 3.3 408 16 16.2 89.03  Khong Chiam
PKS 013901 15.100 105.813 869 3 541 11 12 86.49  Pakse
STR 014501 13.533 105.950 684 2 631 10.7 12 36.79  Stung Treng
KRA 014901 12.481 106.018 561 1 647 22 23 -1.08 Kratie
KOM 019802 11.995 105.469 439 0.5 653 152 162 -0.93 Kompong Cham
PRE 020102 11.811 104.807 364 9.5 10 0.08 Prek Kdam (Tonle Sap)
PPP 020101 11.610 104.920 332 0 663 9.5 1 0.00 Phnom Penh Port
PPB 033401 11.563 104.935 332 10.5 12 -1.02 Phnom Penh (Bassac)
KOH 033402 11.268 105.028 273 7.4 7.9 0.00 Koh Khel (Bassac)
NEA 019806 11.250 105.283 268 7.5 8 -0.33 Neak Luong
TCH 019803 10.801 105.248 209 3.5 4.5 0.00  Tan Chau
CDO 039801 10.705 105.134 203 3 4 0.00 Chau Doc (Bassac)
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Table 2. Performance benchmarks currently used operationally (left, from Smith, 2009) and
proposed by this study (right). The table is ordered from upstream to downstream. Greater
numbers indicate that higher levels of error are considered acceptable at these locations and

lead-times.
Satisfactory forecast accuracy benchmarks (centimeters)
Operational | Pagano
ID 1Day 2Day 3Day 4Day 5Day \ 1Day 2Day 3Day 4Day 5Day Name
CSA 25 50 50 75 75 15 30 45 60 70  Chiang Saen
LUA 25 50 50 75 75 20 35 60 80 110  Luang Prabang
CKH 25 50 50 50 50 15 25 40 55 75  Chiang Khan
VIE 10 25 25 50 50 15 20 35 50 70  Vientiane
NON 10 25 25 50 50 10 20 35 50 65 Nong Khai
PAK 10 25 25 50 50 15 25 40 55 70 Paksane
NAK 10 25 25 50 50 15 25 40 55 70 Nakhon Phanom
THA 10 25 25 50 50 15 25 40 55 70 Thakhek
SAV 10 25 25 50 50 15 25 40 55 70 Savannakhet
MUK 10 25 25 50 50 10 20 40 55 70 Mukdahan
KHO 10 25 25 50 50 15 25 40 55 70 Khong Chiam
PKS 10 25 25 50 50 15 20 35 50 70 Pakse
STR 10 25 25 50 50 10 20 30 40 50 Stung Treng
KRA 10 25 25 50 50 15 20 35 50 70 Kratie
KOM 10 25 25 50 50 9 10 20 30 40 Kompong Cham
PRE 10 10 10 25 25 4 6 9 15 15 (Tonle Sap) Prek Kdam
PPP 10 10 10 25 25 5 7 10 15 20 Phnom Penh Port
PPB 10 10 10 10 25 5 7 10 15 20 (Bassac) Phnom Penh
KOH 10 10 10 10 25 3 4 6 10 15 (Bassac) Koh Khel
NEA 10 10 10 25 25 4 6 9 15 15 Neak Luong
TCH 10 10 10 10 25 3 5 8 10 15  Tan Chau
CDO 10 10 10 10 25 3 6 9 15 15 (Bassac) Chau Doc
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Table 3. Contingency table of the forecast vs. observed occurrence of river levels above Flood
Level (defined in Table 1). All locations and years are pooled together due to the rarity of floods.
The top table is for one day ahead forecasts and the bottom is for five day ahead forecasts.
Forecasts are only included if observed river level was below Flood Level at the time of forecast
issuance.

1 Day-ahead Event:

forecast: Flood No flood False alarm rate

Flood 26 4 13.3%

No flood 28 34087

Probability of 48.1% 44.8 %

Detection Equitable threat score

5 Day-ahead Event:

forecast: Flood No flood False alarm rate

Flood 31 86 73.5%

No flood 69 31547

Probability of 31.0% 16.5%

detection Equitable threat score
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Fig. 2. Time series of river height observations (black lines) and forecasts (colored dots) for
Luang Prabang (top), Pakse (middle) and Tan Chau (bottom) for 2010—2011. Flood Levels and
Alarm Levels are horizontal lines and vertical lines divide the wet and dry seasons.
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Fig. 4. Percentage satisfactory for 1 (top) and 5 (bottom) day-ahead wet-season forecasts by
location. Forecasts are evaluated using four different benchmarks (colored lines). The bench-
mark proposed by this study (black line with large circles) is defined to give a 70 % satisfactory
rate over the long-term; deviations from 70 % are due to the rounding of the benchmark thresh-
olds.
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