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Abstract: Flood modeling and forecasting are crucial for managing and preparing for extreme
flood events, such as those in the Tropical Andes. In this context, assimilating streamflow data is
essential. Data Assimilation (DA) seeks to combine errors between forecasting models and discharge
measurements through the updating of model states. This study aims to assess the applicability
and performance of streamflow DA in a sub-daily forecasting system of the Peruvian Tropical
Andes using the Ensemble Kalman Filter (EnKF) and Particle Filter (PF) algorithms. The study
was conducted in a data-sparse Andean basin during the period February—March 2022. For this
purpose, the lumped GR4H rainfall-runoff model was run forward with 100 ensemble members
in four different DA experiments based on IMERG-E and GSMaP-NRT precipitation sources and
assimilated real-time hourly discharges at the basin outlet. Ensemble modeling with EnKF and PF
displayed that perturbation introduced by GSMaP-NRT’-driven experiments reduced the model
uncertainties more than IMERG-E’ ones, and the reduction in high-flow subestimation was more
notable for the GSMaP-NRT’+EnKF configuration. The ensemble forecasting framework from 1
to 24 h proposed here showed that the updating of model states using DA techniques improved
the accuracy of streamflow prediction at least during the first 6-8 h on average, especially for the
GSMaP-NRT’+EnKF scheme. Finally, this study benchmarks the application of streamflow DA in
data-sparse basins in the Tropical Andes and will support the development of more accurate climate
services in Peru.

Keywords: streamflow data assimilation; flood forecasting; Tropical Andes; satellite precipitation
products; GR4H model

1. Introduction

Floods triggered by extreme rainfall lead the rankings of natural disasters in the Tropi-
cal Andes [1,2], causing huge damage to people’s lives and health, agricultural and systems
production, economy, infrastructure, etc. [3-5]. Thus, flood modeling and forecasting are
key to managing and preparing for extreme flood events and also are valuable for timely
flood warnings and emergency responses [6,7]. In that sense, the Andean population
of Peru is highly prone and vulnerable to a large suite of extreme hydrometeorological
events [8,9], such as higher rainfall rates in the eastern Andean/western Amazon tran-
sition [10] and greater water discharges from the highlands to Andes foothills [11]. For
instance, extreme rainfalls and the subsequent floods that occurred in the austral summer of
2010 in Cusco (southern Peruvian Andes) caused USD 250 million in losses [12], evidencing
the crucial necessity for an accurate operational flood forecasting system [13].
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In operational streamflow prediction systems, hydrological forecasting aims to predict
the catchment response (e.g., discharges at the basin outlet) to sudden changes in precip-
itation rates [14]. These predictions are typically made by simplifications of real-world
processes—applying models—which introduce uncertainties because of limited system
knowledge [15]. However, the accuracy of hydrological forecasting is limited due to dif-
ferent uncertainty sources, such as measurement errors in tipping bucket mechanisms of
rain gauges [16]; model input errors such as those reported in [17] during interpolation
and scaling of rainfall data; structural errors due to the selection of unique hydrological
models for the study area [18]; parameter estimation uncertainties and sensitivity due to
most parameters being difficult to measure directly and needing to be estimated trough
calibration [19]; and simulation errors due to conventional streamflow at the basin outlet
being used as a reliable method for determining the performance of hydrological mod-
els [20]. In that sense, streamflow data assimilation (DA) seeks to provide more accurate
predictions of water discharge by combining errors in observations and model components
through the updating of model states [21].

The application of streamflow DA may follow three main steps. In the first place, the
design of the DA experiment scheme includes the selection of variables to be perturbed
and assimilated. For example, rainfall represents the common variable to be perturbed
in ensemble modeling and real-time in situ streamflow measurements are increasingly
being used to improve estimations of forecasting models via data assimilation in many
operational systems, such as in [22-26]. Next, the quantification of model errors is a key
process in DA applications because modeling uncertainties in rainfall, model states, and
discharge may have significant impacts on results, even more than the DA algorithm
selected [27,28]. Finally, the application of the chosen DA algorithms into an Open Loop
(OL) hydrological model. For instance, sequential assimilation of observations in models
with the Ensemble Kalman Filter (EnKF) and Particle Filter (PF) is widely employed for
probabilistic hydrologic predictions and skillful operational flood forecasting systems, such
as in [29-32].

Despite the increasing scientific literature on streamflow DA, DA applications in
Andean hydrology are still emerging. For instance, ref. [7] reports the lack of ensemble
modeling in South America, with only 4% (2) of publications worldwide from 2011 to
2019. Most DA studies in South America have focused on incorporating satellite altimetry
information to understand the terrestrial water cycle in the larger Amazon River Basin,
such as in [33-35], because the Amazon plays key roles in the water, energy, and carbon
cycles and interacts with the global climate. By contrast, in the Andes Cordillera, DA
has been applied only in the extratropical Andes (mainly with snow-dominated basins)
using observed discharges [27] and remote sensing of snow cover [36]. In that context, the
application of ensemble modeling in the hydrology of the Tropical Andes—with mostly
pluvial-dominated basins—is still an unexplored study focus.

Following ref. [37], conceptual hydrological models put considerable emphasis on
structure as a result of knowledge-driven model reduction in how we formalize our concept
of a hydrological system. The GR4H [38] is a parsimonious and easy-to-implement model
that has been widely used worldwide in basins of different climate conditions for flood
monitoring [39], extreme event assessment [40], surface runoff in reservoir operation [41],
and data assimilation experiments [26], and it has been merged with machine learning
architectures [42]. In the Vilcanota Basin, the GR4H model was tested in [43] to evaluate
the hydrometeorological performance of near real-time satellite precipitation products
(SPPs) in a data-sparse context. The main results indicated good performance for semi-
distributed runoff estimation in an Andean basin with limited information, with IMERG-E
and GSMaP-NRT as the best-performing precipitation sources.

In this context, flood forecasting in the Peruvian Tropical Andes is a challenging task
due to (a) the inaccessibility of remote areas with complex topography, (b) a limited in situ
hydrometeorological network due to restricted funds, (c) the large number of stations with
short records (e.g., most pluviometric automatic records begin in 2016) and huge numbers
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of missing values, and (d) increased uncertainties of model inputs related to data scarcity.
Some studies in the Vilcanota River Basin dealt with these issues by assessing near real-time
satellite precipitation products for rainfall-runoff modeling at sub-daily timesteps [43],
constraining structural errors in conceptual hydrological models [18], and incorporating
vegetation remote sensing into model calibration strategies [44]. Hence, the improvement
of accurate flood forecasting in real-time hydrological systems is still a pending task.

Altogether, this study aims to provide new perspectives on the application of ensemble
modeling and streamflow data assimilation in a lumped basin of the Tropical Andes of Peru
with high flood risk and a sparse hydrometeorological data context. This paper conducts
streamflow DA experiments in the Vilcanota River Basin using the EnKF and PF algorithms
to assimilate discharge observations into a sub-daily lumped forecasting system based on
the GR4H model and driven by satellite—gauge merged rainfall estimations.

2. Materials and Methods
2.1. Study Area

The study area comprises the Vilcanota River Basin located in the southeastern Tropical
Andes of Peru. This basin plays a key role in the economic tourism activity of Cusco and
was affected by extreme floods in 2010. For this work, we selected a basin area delineated
upstream of the Pisac fluviometric station (see Figure 1). The drainage area of the basin
is approximately 6900 km?, spanning from 2959 m.a.s.1 to 6268 m.a.s.l. Also, we defined
a regular domain between latitudes 12.9° 5-14.8° S and longitudes 70.6° W-72.7° W to
download and merge satellite-based precipitation and pluviometric station observations in
the study area.

72.4°W 71.9°W 71.4°W 70.9°W

13.0°S
13.0°S

14.0°S 13.5°
13.5°S

14.0°S

14.5°§
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Pluviometric stations
] —— Mainrivers

Vilcanota River Basin

>

72.4°W 71.9°W 71.4°W 70.9°W

Figure 1. The Pisac gauge station in the Vilcanota River Basin, located in the southern Peruvian
Tropical Andes. The available pluviometric network in the study domain is shown as orange triangles.



Water 2023, 15, 3944

40f19

The Vilcanota Basin has a predominant pluvial regimen, with a smaller glacial/snow
melting contribution to the total runoff volume. The basin has sparse hydrometeorological
data, with only two pluviometric stations (SAL and SIC in Figure 1) inside the area, so
the use of satellite precipitation products [43] is relevant for this study. According to the
PISCO dataset, Figure 2 displays the seasonal behavior of the main hydroclimatic variables
for the climatological period 1981-2010. Precipitation follows a unimodal distribution,
with rainfall rates ranging from 120 mm/month to 150 mm/month during the austral
summer (December-March) and mean air temperature varying from 6 °C to 11 °C. Monthly
discharges span from 20 m3/s to 140 m3/s, with peak flows often occurring in January
and February.
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Figure 2. Seasonal variations in rainfall, mean air temperature, and discharge for the climatological
period 1981-2010 on the Vilcanota River Basin at the Pisac stream gauge station. Monthly rainfall [45]
and air temperature [46] data were obtained from the gridded PISCO dataset.

Hourly discharge and rainfall records were collected from 1 fluviometric and 12 plu-
viometric gauge stations (10 stations outside the basin area) from 1 January 2017 to 31 July
2022. The stations are owned by the National Service of Meteorology and Hydrology of
Peru (SENAMHI). The gauges’ locations are displayed in Figure 1 and summarized in
Table 1. Also, near-real-time satellite precipitation products (SPPs) from the Integrated
Multi-satellite Retrievals for GPM—Early Run (IMERG-E) and the Global Satellite Map-
ping of Precipitation (GSMaP-NRT) were chosen for this study. These SPPs have 5 h
of latency for UTC-5 with a spatial and temporal resolution of 0.1° (~10 km) and 0.5 h,
respectively. Hourly potential evapotranspiration was estimated based on the gridded
evapotranspiration data set developed for Peru, named PISCOpe [47].

The process of merging SPPs and rain gauge information for the Vilcanota Basin
(IMERG-E’ and GSMaP-NRT’) was the same as in [43]. Rain gauge observations and SPPs
were merged using a simple bias adjustment correction [48]. For this, in each time interval
(t), the pixel corresponding to the station point was extracted, and the bias to the station
point (Ybias) was calculated as:

Ybiast = Gt — St (1)

then, Ybias was interpolated by inverse distance weighting (IDW), using a weighting factor
of 2, to generate a bias map (Mbias). Finally, the corrected bias was added to the SPPs
(SPP’), as shown below:

SPP/y = SPP; + Mbias; (2)
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Table 1. Selected gauges with hourly records in the study domain.

Type Station Abrev. Lor[légx?de La[t:tsu]de ]i:z‘;a:f ?
Fluviometric Pisac PIS 71.84 13.43 2791.65
Acjanaco Gore AGR 71.62 13.20 3466.11
Calca CAL 71.96 13.33 2921.24
Casaccancha CAS 72.30 13.99 4033.16
Huayllabamba HUA 72.45 13.27 2976.55
Intihuatana M INM 72.56 13.17 1778.23
. . Machupicchu MAC 72.55 13.18 2399.80
Pluviometric  \ 1o capata Gore MAR 70.90 13.50 1792.76
Qorihuayrachina QOR 7243 13.22 2517.25
Salcca SAL 71.23 14.17 3920.10
San Pablo SPB 72.62 13.03 1228.11
Santo Tomas STM 72.10 14.45 3665.48
Sicuani SIC 71.24 14.24 3534.95

2.2. Parsimonious Sub-Daily Hydrological Modeling

The GR4H model [38] is the hourly adaptation of the GR4] model [49] with four
parameters (X1, X2, X3, and X4). In this model, hourly precipitation and potential evapo-
transpiration are considered to determine the net precipitation (Pn) and evapotranspiration
(En), respectively. Part of Pn is lost in the storage reservoir of the soil (Ps), while the re-
maining amount forms the effective precipitation (Pt = Pn — Ps). The soil moisture content
(S), with a maximum value of X1, decreases due to percolation (Perc). Subsequently, Pt is
routed at the basin outlet as follows: 10% is routed through a single unit hydrograph with
a base time equal to X4, and the remaining 90% is routed through a unit hydrograph and
nonlinear reservoir (R) with a maximum capacity of X3. Additionally, a loss function (F),
denoted by parameter X2, is applied to both flows to represent the subsurface exchange
(loss or gain in the system).

The lumped GR4H models were forced using the merged IMERG-E’/GSMaP-NRT’
data and the PISCOpe dataset at the basin scale. Models were calibrated and validated
using observed hourly discharges at the Pisac station. Calibration was conducted from
00:00 h on 1 January 2017 to 23:00 h on 31 August 2020. The first 1200 values were chosen
for model warm-up. Model validation took place from 00:00 h on 1 September 2020 to
23:00 h on 31 July 2022.

Model parameters were calibrated with the Shuffled Complex Evolutionary (SCE-
UA) algorithm [50] using the objective function (Fobj) proposed in [26] and shown in
Equation (3).

Fobj =0.25% FlogNSE 4+ 0.25 % Fgoxnse + 0.25 % Fxge + 0.25 * Fpras 3)

where Fobj is the arithmetic average of the logarithmic Nash—Sutcliffe Efficiency (logNSE),
the Box—Cox transformed Nash-Sutcliffe Efficiency (BoxNSE), the Kling-Gupta Efficiency
(KGE), and the BIAS. Details of the selected statistical metrics and their equations are
summarized in Table 2.

Table 2. Statistic al metrics and their corresponding equations used for evaluating the hydrological
performance of the GR4H model.

e . . . Min, Max, .
Statistical Metric Equation Optimal Emphasis
Logarithmic
Nash-Sutcliffe Efficiency n im ) — s ))? Low flows
(logNSE) logNSE =1 — iy (log(Qsim ;) —log(Qobs t)z) —00,1,1 [51]

-] ¥ (log(Qobs ;)—log(Q)obs)
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Table 2. Cont.

- . . Min, Max, .
Statistical Metric Equation Optimal Emphasis
Nash-Sutcliffe Efficiency )
with Box—Cox BoxNSE = 1 _ Zi=1(Qsims;—Qobst;) .
transformation v (Qobst— QlobS)2 —o00,1,1 Mldc}lze@ﬂows
(BoxNSE) Q = @71
-] !
KGE =
. . . 2 2 2 .
Kling-Gupta Efficiency 1- \/ (r=1)"+@-1)"+(B-1) Variance and
(KGE) r= i [(Qsimf—ésim) (Qobstfaobs)} —o00,1,1 high flows
[-] \/Z;’:l (Qsimf —@sim)z \/Z;’:l (Qobst —éobs)z [52]
— Tsim . B= Hsim.
Tobs Hobs
Bias - ) Average trend of
(BIAS) BIAS = [max(gﬂ M) _ 1] 0,+00,0 simulated flows
[0/0] Qobs’” Qsim [26]

Notes: Qobs: corresponds to observed discharges; Qsim: corresponds to simulated discharges.

2.3. Design of Streamflow Data Assimilation Experiments

The sequential assimilation technique is well known for operational flood forecasting
systems and is structured by adding normally distributed perturbations to the forcing
vector [53]. Figure 3 illustrates the general framework for streamflow DA in the Vilcanota
River Basin, beginning with the quantification of model errors, running the Open Loop
model, and finishing with the application of DA algorithms.

[~ 771 Model Inputs
[ ] Data Assimilation Outputs
Satellite Precipitation B Lumped Hydrologlcal_s?lstfem
Data () Streamflow Data Assimilation
[] Flood Forecasting Evaluation

pm=—-=—-os Merged Data
|
| IMERG-E } ] fmmmmmm Sequential Data
o 1 iy . s
F——— : IMERG-E’ 1 Asimilation algorithms IMERG-E’ + EnKF }7
1 |
| L
( SSMab-NRT; } A — Ensemble Kalman Filter GSMaP-NRT" + EnKF }7
S R S
| GSMaPANRT | (Ei) ;
e ____1 IMERG-E’ + PF
Particle Filter (PF
i GSMaP-NRT +PF |
PISCO Data

Open Loor (OL) IMERG-E’ + OL

model

Observed Data ‘ Model calibration Model Error
and validation Quantification
oo Forecasting Performance Assessment

rm—=—""" I (Hourly discharge predicted from 1 to 24 hours of lead time)
: Stream gauges ————

Figure 3. Streamflow data assimilation framework in the Vilcanota River Basin.

-
__________ —

GSMaP-NRT" + OL

To design streamflow DA experiments in this study, two Open Loop (OL) models were
run forward using 100 ensemble members of precipitation and potential evapotranspiration
data. Both OL schemes had the same potential evapotranspiration series from the PISCOpe
dataset but differed in precipitation inputs. Thus, the OL models were named IMERG-
E’+OL and GSMaP-NRT’+OL, depending on the precipitation source used.

Also, we conducted four sequential DA experiments using the Ensemble Kalman Filter
(EnKF) and Particle Filter (PF) algorithms. The main difference between the algorithms
is how they recursively generate an approximation of the probability distribution of the
prognostic variable. EnKF assumes a Gaussian prior distribution for the Kalman Gain
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and analysis states [54]. Hence, PF updates the importance weights according to the
likelihood values of particles and observations, removing samples with negligible weights
and replicating samples with large weights to avoid filter degeneracy [30].

As in the OL experiments, we denominated experiments based on the precipitation
source and algorithm chosen, so the IMERG-E'+EnKF and IMERG-E’+PF setups were
run using IMERG-E’ inputs, while GSMaP-NRT’'+EnKF and GSMaP-NRT'+PF used the
GSMaP-NRT” data.

These DA experiments were applied using an hourly adaptation of the R source code
from the airGRdatassim package [55].

2.4. Quantification of Model Errors

An ensemble of model realizations was generated to reflect the uncertainties in the
catchment model. Rainfall (P) and evapotranspiration (E) inputs and basin soil moisture
(S) were perturbed to generate an ensemble of model states and discharge predictions (Q).
Also, the observed discharge was perturbed to represent the observation error. Similar to
ref. [26], parameters and structural errors were assumed to be accumulated in soil moisture.

Ensemble meteorological inputs were generated by perturbing rainfall and evapotran-
spiration with multiplicative stochastic noise ¢, applied at each hourly time step, according
to the methodology proposed in [54] and presented in Equations (2) and (3). Also, as in [30],
random perturbations were provided by a first-order autoregressive model to guarantee
temporal correlation of the time-variant forcings. The fractional error parameter was set
to 0.65 and temporal decorrelations lengths were defined as 5 h for rainfall and 3 h for
potential evapotranspiration based on an autocorrelation analysis.

pl = pep, 4)

op = (1—ep) +2upep, )

where ¢;, is the error parameter for precipitation, and up is a uniform random number, such
that @, is a realization from a uniform distribution ranging from 1 — ¢, to 1 + ¢p.

Basin soil moisture state (S) was perturbed through normally distributed null-mean
noise at each assimilation time step after the analysis procedure, following the approach
in [56]. This perturbation was truncated by the upper (X1) and lower (zero) bounds of
soil moisture.

According to ref. [54], errors in discharge are mainly derived from the measurement of
water level and uncertainties in rating curves. Here, we used a normal distribution with a
zero-valued mean and variance (0yps2) for describing the measurement noise and param-
eterizing it as a function of the discharge observation (Q,}s), as presented in Equation (6).

U(:)st = (eobsQobs)2 (6)

Following the approach proposed in [30], the error parameter ¢},; was set to 0.1, the
quantile 10 (Qq9) was used as the minimum threshold to prevent underestimated error
variances in the case of low discharges, and the variance was evaluated proportionally to
Q102 for values below Q.

2.5. Evaluation of Model Forecast

We assessed forecasting performance during February and March 2022 for lead times
from 1 to 24 h. For this procedure, the updated (a posteriori) states of the GR4H model (S, R,
HU1, and HU2) were taken as the baseline for flow forecasting from 1 to 24 h. Here, we used
Nash-Sutcliffe Efficiency (NSE) and Bias (BIAS) to evaluate the mean ensemble forecast,
the Mean of Ensemble Root Mean Squared Error (MRMSE), and the Continuous Ranked
Probability Skill Score (CRPSS) to examine the ensemble spread. Details of statistical metrics
and their equations are summarized in Table 3.
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Table 3. Statistical metrics and their respective equations used for evaluating forecasts.

Statistical Metric Equation
Nash-Sutcliffe
Efficiency Y01 (Qfcst,—Qobs,)?
NSE =1— ===t <~
(l\ﬁE) £1 (Qobs,—Qobs)”
Bias (BIAS
[mg /sl ) BIAS = 15 | (Qfcst, — Qobs,)
Mean of Ensemble Root Mean Squared
Error r ] )
(MRMSE) MRMSE = 1y [ 1y (Qifest, — Qobs,)
[m?/s] =
CRPS = 1yn i Ffcst — Fobs 24
Continuous Ranked Probability Skill Score ndi=t lo (Ffest,(Q) HQ)Q
(CRPSS) 0 (Q < Qobs;)

Fobs =
(] @={1(§ < G
— CRPS
CRPSS =1-— CRPSor
Notes: Qobs: corresponds to observed hourly discharges; Qfcst: corresponds to forecasted discharges at different
lead times. CRPS is the continuous ranked probability score, and OL corresponds to the Open Loop model.

3. Results
3.1. Model Calibration and Validation

The GR4H model parameters were calibrated for both precipitation sources (IMERG-E’
and GSMaP-NR’) using hourly streamflow records from the Pisac gauge station (basin
outlet). Overall, the calibration process gave good results (logNSE > 0.75, BoxNSE > 0.75,
NSE > 0.75, and —0.1 < BIAS < 0.1) in terms of mass balance (BIAS), variance (KGE),
and flow representation (logNSE, BoxNSE). The summary of statistical metrics selected for
calibration, validation, and total period performance evaluation is shown in Table 4. It is
notable that IMERG-E’ metrics outperformed during the calibration and validation period;
however, GSMaP-NRT" skills were also higher. Despite all metrics being equally weighted
in the OF it is important to note that KGE values were mostly close to 1 during calibration in
comparison to those of logNSE and BoxNSE. This suggested that high-flow representations
were slightly superior to middle- and low-flow, at least during model calibration.

Table 4. Model performance metrics during calibration and validation periods.

Calibration Validation
Statistic Metric
IMERG-E’ GSMaP-NRT’ IMERG-F’ GSMaP-NRT’
logNSE 0.875 0.792 0.878 0.786
BoxNSE 0.883 0.831 0.878 0.819
KGE 0.912 0.871 0.869 0.789
BIAS 0.003 0.003 0.016 0.029

The calibration procedure showed that the most sensitive parameters were the con-
ceptual soil moisture (S), with a maximum capacity equal to X1 ranging from 618 mm
(IMERG-E’) to 972 mm (GSMaP-NRT’), and the conceptual slow routing storage (R), with a
maximum value of X3 varying between 57 mm (IMERG-E’) and 136 mm (GSMaP-NRT’).
The upper values of X1 and X3 on the GSMaP-NRT” model were related to the control
of rainfall overestimation over the study domain and runoff transformation, as shown
in [43]. For instance, Figure 4a,b shows the rainfall series at the basin scale from both
satellite sources as gray bars, exhibiting higher hourly rainfall rates for GSMaP-NRT’ than
for IMERG-E".
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Figure 4. (a,b) Comparison of simulated IMERG-E” and GSMaP-NRT’) and observed hourly flow
series at the Pisac stream gauge station during 2017-2022. The red dashed box represents the period
February-March 2022 selected for testing streamflow DA techniques. (c¢,d) Scatter plots between
observed and simulated discharges for the period February—March 2022.

The comparison between observed and simulated hourly discharges at the Pisac gauge
station (basin outlet) is displayed in Figure 4. Figure 4a,b shows the flow series (2017-2022)
during the calibration and validation periods. Two different mean areal precipitation
inputs over the Vilcanota Basin are shown as gray bars above their respective hydrographs.
Observed discharge is presented as blue lines and simulated discharges are plotted as green
(IMERG-E’) and magenta (GSMaP-NRT") lines. The dashed red box corresponds to the
rainiest months in 2022 (February and March) selected for the streamflow DA assessment.

During the calibration and validation steps in Figure 4a,b, the parsimonious GR4H
model represented the high variability of discharge at the hourly time step. Hence, high
peak flows (which was the main purpose of this particular application) were often un-
derestimated. In terms of statistical metrics (Table 4), the simulations performed slightly
better (1ogNSE, BoxXNSE, and KGE higher than 0.85) when the GR4H model was forced
with IMERG-E’ than with GSMaP-NRT’, even during model validation. These results sug-
gested that running the model with calibrated parameters was insufficient to appropriately
represent the runoff in the basin during the rainy period; furthermore, it was insufficient
considering the added uncertainty introduced by the satellite rainfall estimations at the
basin scale, especially at finer temporal scales.

Although the calibration process significantly improved the model performance in
terms of statistical metrics, the correct reproduction of high peak flows in short time win-
dows was an incomplete task. For example, Figure 4c,d shows scatter plots between
observed and simulated values for February and March 2022. Simple linear regression
(SLR) models for IMERG-E’ (green) and GSMaP-RT’ (magenta) simulations and Pearson
correlation coefficients are presented in the figures. The lower SRL’s slope value and
Pearson coefficient (R < 0.50) indicated the subestimation and high dispersion of observed
discharges, respectively, and were drastically noted for the GSMaP-NRT’-driven model.
These results provide evidence that good model skills do not always reflect good represen-
tation of discharge in short periods. With the aim of checking this, we performed posterior
DA experiments to improve simulation during the wet period.
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3.2. Estimation of Model Uncertainties in Streamflow Data Assimilation

The experiments aimed to assess the usefulness of DA-based estimation to improve
streamflow simulation when accounting for the uncertainties of the meteorological forcings.
The results obtained for the assimilated discharge data at the basin outlet with EnKF and
PF are presented in Figure 5. The period considered here was February and Mach 2022.
Blue lines correspond to hourly discharge observations, black lines represent OL model
runs, green (magenta) lines display ensemble means streamflow simulations for IMERG-E’
(GSMaP-NRT"), and the ensemble spreads are shown as gray bounds.
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Figure 5. Comparison between observed and simulated hourly flow series during February and
March 2022 at the Pisac stream gauge station for (a) IMERG-E’+EnKE, (b) IMERG-E’+KE, (¢) GSMaP-
NRT’+EnKE and (d) GSMaP-NRT’+PF experiments.

The root mean squared error (RMSE) values in Figure 5 quantified errors between
simulated and observed discharges and are displayed to represent the preliminary im-
provement in simulations after streamflow DA concerning Open Loop (OL) simulations. In
OL cases, the obtained lower RMSE values indicated that IMERG-E’ (61.25 m3/s) simula-
tions performed better than GSMaP-NRT’ (71.76 m®/s). This is notable when comparing
the observed and OL series. For instance, IMERG-E’ simulations usually overestimated
discharge, while for the same period, GSMaP-NRT’ tended to underestimate high flow.

After DA application, one could appreciate a match between ensemble mean simula-
tions with the EnKF and PF algorithms and observations in all experiments. Concerning
the algorithms used, EnKF had better performance than PF and better agreement between
simulations and observations. Also, it is easy to note that ensemble spreads in PF experi-
ments were thinner than in EnKF ones, even for the two different precipitation sources. In
more detail, the GSMaP-NRT’+EnKF scheme outperformed other experiments in terms of
the lowest RMSE value obtained (17.35 m3/s).
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In summary, the results presented here suggest that GSMaP-NRT’-driven experiments
performed better than IMERG-E’ ones after applying DA with EnKF and PF, even when
IMERG-E’ outperformed during OL runs. In addition, the previous findings displayed
here highlight the benefits of sequential data assimilation for the reduction of streamflow
uncertainties at the outlet of a data-sparse basin in the Tropical Andes.

On the other hand, the idea of comparing uncertainties in the state variable S from the
production reservoir, as a proxy of soil moisture (SM), was tested here and is illustrated in
Figure 6. Ensemble means are presented as green (magenta) for the IMERG-E" (GSMaP-
NRT’) experiments, and ensemble spreads are shown as gray bounds. The results displayed
huge differences in the SM behavior in all schemes. For instance, SM ranged from 192 mm
(IMERG-E’+PF) to 545 mm (GSMaP-NRT’+EnKF). Here, it is important to note that SM
values were higher in GSMaP-NRT’ experiments than in IMERG-E’ ones, and were related
to the major X1 value obtained during model calibration. Furthermore, similar to the
streamflow results shown in Figure 5, the uncertainty bounds were wider with EnKF
schemes compared to PF setups, suggesting that EnKF incorporated more variability in SM
during perturbation of the basin soil moisture state (S). Here, the use of SM remote sensing
could contribute to the reduction in SM uncertainties, even in a lumped hydrological system.
However, because the focus of this work was on observed discharge data assimilation, we
leave this proposal for future investigation.
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Figure 6. Uncertainty in simulated soil moisture (S) from the GR4H model in the Vilcanota Basin
during February and March 2022 for (a) IMERG-E'+EnKEF, (b) IMERG-E’+KEF, (¢) GSMaP-NRT'+EnKF,
and (d) GSMaP-NRT’+PF experiments.
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3.3. Forecasting Performance Assessment

The main goal of applying discharge assimilation in this framework was to update the
amount of water stored in the basin before the catchment responded to a rainfall event (i.e.,
obtaining the “right” initial conditions before the rising limb of a flood event). Once the
updated initial states were obtained, the rest of the forecasting work was accomplished by
the hydrological model. Figure 7 illustrates the forecasting performance after streamflow
DA for the lumped hydrological system in the Vilcanota River Basin at the Pisac stream
gauge station. For this purpose, the perturbed IMERG-E" and GSMaP-NRT’ precipitation
sources were used for computing forecasting skills during lead times from 1 to 24 h.
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stream gauge station from February to March 2022, based on (a) NSE, (b) BIAS, (¢) MRMSE and
(d) CRPSS coefficients.

In terms of NSE, Figure 7a shows that the OL forecasting was much worse (NSE < 0),
especially for GSMaP-NRT’. Nevertheless, the ensemble means of the GSMaP-NRT’+EnKF
setup had the best performance after streamflow assimilation, with NSE values always
higher than those of other schemes. For instance, considering a threshold value of 0.50 for
acceptable forecasting, the GSMaP-NRT’+EnKF exhibited acceptable predictions during
the first 8 h, while the remaining schemes exceeded this threshold in only the first 5 h.

Concerning BIAS of the ensemble means forecasting (Figure 7b), OL of IMERG-E’
displayed positive values, indicating discharge overestimation, while GSMaP-NRT” ex-
hibited high negative BIAS associated with huge flow underestimation. After streamflow
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DA, all configurations showed negative BIAS, indicating that discharge underestimation
was still present in the forecasting model even after including observed discharges for
updated model states (S and R). However, the improvement in high peak flow prediction
was notable in comparison to the calibrated-validated model (without DA). In addition, the
underestimation was observed to change with the forecasting time. For instance, negative
BIAS decreased during the first 4-5 h of forecasting to then increase until the 24 h. As can
be seen in Figure 7b, these BIAS changes were more visible in GSMaP-NRT” experiments
than in IMERG-E’ ones.

In terms of MRMSE (Figure 7c), OL run with GSMaP-NRT” showed high model errors
in contrast to IMERG-E’. However, the ensemble simulation of PF performed better than
the EnKF algorithm, specifically with the GSMaP-NRT" forcing data. These results might be
related to the thinner ensemble spread of PF simulations, which introduced less uncertainty
from each ensemble member compared to the high uncertainty bounds of IMERG-E’. Also,
similar to other statistics, MRMSE was worse when increasing lead times from 1 to 24 h of
forecasting. Nerveless, in the case of the IMERG-E’+EnKF scheme, MRMSE was worse at
the beginning of forecasting (e.g., 7-8 h forecasts) but better for longer term forecasts (e.g.,
24 h forecasts).

Concerning CRPSS, where the continuous ranked probability score (CRPS) measured
the quadratic distance between the cumulative distribution of the forecasts and the cumula-
tive distribution of the observations of the predicted variable, values of CRPSS closer to 1
were preferred. GSMaP-NRT” setups resulted in an improvement in forecasting accuracy
up to 10 days (CRPSS > 0.75), decreasing progressively with long-term forecasts, and much
less improvement was achieved using IMERG-E” schemes, with CRPSS values ranging
from 0.21 to 0.54.

In summary, all forecasting skills (NSE, BIAS, MRMSE, and CRPSS) were worse when
lead times rose from 1 to 24 h at the Pisac gauge station. The good performance at the
beginning of forecasting (compared to poor skills for OL runs) demonstrated the benefits
of streamflow DA applications to improve the accuracy of predictions. The superiority of
GSMaP-NRT’ experiments still existed after sequential data assimilation in the forecasting
framework, as was demonstrated by many metrics, and the application of the EnKF
algorithm introduced more accuracy in terms of ensemble mean predictions. In this context,
the GSMaP-NRT’+EnKEF setup outperformed other setups.

Figure 8 displays the comparison between observed (blue lines) and forecasted (ma-
genta lines) hydrographs with GSMaP-NRT’+EnKF for lead times of 1, 3, 6, 12, 18, and
24 h. In addition, ensemble spreads from an ensemble size of 100 members are shown as
gray bounds. A quick examination of the hourly hydrographs illustrates the low quality of
long-term forecasts (e.g., 18-24 h). For example, the peak flow values during the middle of
March 2022 for lead times of 18 h (328 m3/s) and 24 h (302 m?/s) hugely subestimated the
observed value (465 m3/s). In contrast, high peak flow forecasts given by the most recent
prediction (e.g., 1-6 h) were considered to be the best estimate, as shown in Figure 8a—c.
Nevertheless, the ensemble means forecasted discharges were still below the observed val-
ues, but at much less magnitude than the OL runs and during model calibration-validation.
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Figure 8. Comparison of observed and forecasted hourly flow series at the Pisac station from
February to March 2023, for lead times of (a) 1, (b) 3, (c) 6, (d) 12, (e) 18, and (f) 24 h in the GSMaP-
NRT’+EnKF experiment.

4. Discussion
Limitations and Potential of Streamflow Data Assimilation in the Vilcanota River Basin

The results showed the potential to improve sub-daily streamflow forecasting in the
Vilcanota River Basin by assimilating real-time observed discharges at the basin outlet. This
work establishes the basis for hydrological streamflow predictions in an Andean basin of
Peru. However, some key considerations are discussed below.

The ensemble spreads of the EnKF experiments tended to be wider than the PF
ones, as displayed in the streamflow (Figure 5) and soil moisture (Figure 6) simulations.
This suggests that EnKF requires a bigger ensemble size than PF to deal with the same
uncertainty sources. Here, the GR4H model was run forward in time with 100 ensemble
members according to similar studies in other domains [27,28,30]. Hence, ref. [57] suggested
that EnKF ensemble size influences streamflow DA and must be at least 500 members due
to non-Gaussian forecasting, but this process will increase the computational demands on
operating systems, especially at sub-daily timesteps and operational models. In contrast,
the PF algorithm is more flexible about ensemble size, but a very small ensemble (e.g., 20, 40)
increases filter degeneracy and reduces the number of successful runs [58,59]. Moreover, PF
and EnKF are inherently sequential algorithms that are easy to use in real-time forecasting
applications because measurements are processed as they become available [30]. Recent
studies in real-time flood forecasting have also incorporated new sequential DA techniques,
such as the Ensemble Transform Kalman Filter (ETKF) [60], covariance resampling for
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PF [58], disaggregated multi-level Factorial Hydrologic Data Assimilation (FHDA) [61],
and state updates through backpropagation and deep learning models [62], which might
be tested in future research.

Also, it is well known that the forecasting accuracy is sensitive to each source of model
uncertainty, which is likely to have a differing impact depending mainly on the choice
of modeling error scheme and then on the selected DA algorithm. For modeling input
errors, we used two rainfall sources at the basin scale (IMERG-E" and GSMaP-NRT’) and
a space—time correlation using a uniform distribution so that the random perturbations
were provided by a first-order autoregressive model similar to ref. [54]. In this case,
autoregressive models similar to ref. [60] were built for the rainiest months in 2022 to focus
on improving the forecasting accuracy of recent floods. Hence, the dry season might also
be tested in future studies to examine model errors related to uncertainties in low-flow
measurements and the contribution of groundwater (baseflow) to surface runoff, such as
in [63]. Also, state perturbations were applied only for the production reservoir (S) related
to the basin soil moisture following the methodology in [26,28] for DA in the GR4H model,
but the remaining model states (R, UH1, and UH2) can also be updated thought EnKF
and PF algorithms to assess the impact on hourly simulation, such as presented in [30] for
the GR4J at a daily time step. In case of system output errors, the state—discharge rating
curves at the Pisac stream gauge need to be continuously adjusted to reduce observed
streamflow error, such as in [64], especially for low and high flows where streamflows are
usually interpolated and extrapolated, respectively. Recently, a new LiDAR sensor has been
installed for monitoring water levels [65], such as in [66], which will support observational
real-time flood monitoring.

Furthermore, we note the limitations of lumped-model uncertainty assessments in
a basin with an area of 6900 km?, especially in terms of the impact of local variability on
the basin’s hydrology. Hence, we highlight the benefits of streamflow DA in an Andean
basin of Peru to improve forecasting accuracy using real-time discharges at the basin outlet.
Future work will assess DA techniques in the semi-distributed Vilcanota systems presented
in [43] to prove if incorporating forcing spatialization, river routing, and soil moisture
sub-basin spatialization in conceptual models, such as in [25,26], is more appropriate for
Andean basins with sparse data availability. For instance, ref. [24] suggests that hydrologic
river routing, such as the Muskingum method, is subject to potentially significant errors
from structural and parametric uncertainties.

Finally, there is a pending task to generalize the results from particular experiments to
the whole wide hydrological heterogeneity of the Peruvian Andes [67]. However, the case of
the Vilcanota River Basin with the four DA assimilation schemes tested here has distinctive
features that can be expected to apply over a range of different basins in the Tropical
Andes of Peru with the same data scarcity issue [68]. Overall, the results presented here
benchmark the use of EnKF and PF for real-time streamflow DA in the Peruvian hydrology.

5. Conclusions

The goal of this work was to evaluate the applicability and performance of streamflow
data assimilation techniques in a lumped model with limited in situ hydrometeorological
data in the southern Peruvian Andes. The model calibration and validation showed that it is
possible to obtain reliable hourly streamflow simulations at the basin outlet (logNSE > 0.75,
BoxNSE > 0.75, NSE > 0.75, and —0.1 < BIAS < 0.1) for the period of available discharge
data (~5 years of hourly records); however, this did not necessary result in the uncertainty
reduction of flow simulations. The notable differences between observed and simulated
discharges in peak flow seasons highlight the problem of outstanding model skills from
hourly longer records (years) that do not always reflect real model fitting in smaller time
windows (hours, days, and weeks). For the streamflow data assimilation experiments, the
study period was set between February and March 2022 to examine the improvement of
high-flow simulations during the rainiest months when river flooding occurs in the basin.
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The idea of propagating information inside the basin through streamflow data assimi-
lation was tested using four different configurations. Ensemble modeling with EnKF and
PF showed that perturbation introduced by GSMaP-NRT’-driven experiments reduced the
model uncertainties more than IMERG-E’ ones. This result is relevant for operational pur-
poses in the basin because during model calibration and validation, even during the Open
Loop runs, IMERG-E’-driven models had better skills. Furthermore, the results showed
that the assimilation of real-time discharge measurements for the period February—-March
2022 drastically reduced the model subestimation of high flows at the basin outlet. This
reduction was more notable for the GSMaP-NRT’+EnKF and GSMaP-NRT'+PF schemes.

The ensemble forecasting framework from 1 to 24 h proposed here shows that the updating
of model states using EnKF and PF improves the accuracy of streamflow prediction at least dur-
ing the first 6-8 h on average. It was not surprising that GSMaP-NRT" had the best performance
and, based on the ensemble verification metrics used, the GSMaP-NRT’+EnKF scheme had the
best forecasting skills (NSE > 0.50, —15 m3/s < BIAS < —10 m®/s, MRMSE < 70 m3/s and
CRPSS > 0.75) from the four experiments.

Finally, hydrologic data assimilation techniques have usually been tested in developed
countries where typically detailed hydrometeorological datasets of the most relevant
hydrological features (rainfall, runoff, soil, land use, and other properties) are available.
This work provides a benchmark of streamflow data assimilation for flood forecasting
in a sparsely monitored basin using near real-time satellite precipitation products and
highlights several aspects for new research in the Tropical Andes. In particular, the role
of model discretization in uncertainty estimation must be understood in further detail to
guide data collection and model development for enhanced decision making.
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Abbreviations

BIAS Error in observations and/or simulations.

BoxNSE Nash-Sutcliffe Efficiency criterion with Box—Cox transformed values.
CRPS Continuous Ranked Probability Score.

CRPSS Continuous Ranked Probability Skill Score.

DA Data Assimilation.

EnKF Ensemble Kalman Filter.

GR4H Génie Rural a 4 parameétres Horaire.

GSMaP-NRT Global Satellite Mapping of Precipitation Near Real-Time product.
GSMaP-NRT’ GSMaP-NRT product merged with pluviometric stations.

GSMaP-NRT’+EnKF

GSMaP-NRT’+OL
GSMaP-NRT’+PF
IMERG-E
IMERG-E’
IMERG-E’+EnKF
IMERG-E'+OL
IMERG-E'+PF

EnKF experiment applied to the hydrological model forced

with GSMaP-NRT".

Open Loop for the hydrological model forced with GSMaP-NRT".

PF experiment applied to the hydrological model forced with GSMaP-NRT".
Integrated Multi-satellitE Retrievals for GPM Early Runs product.
IMERG-E product merged with pluviometric stations.

EnKF experiment applied to the hydrological model forced with IMERG-E’.
Open Loop for the hydrological model forced with IMERG-E’.

PF experiment applied to the hydrological model forced with IMERG-E'.
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KGE Kling-Gupta Efficiency criterion.

logNSE Nash-Sutcliffe Efficiency criterion with logarithmic values.
MRMSE Mean of Ensemble Root Mean Squared Error

NSE Nash-Sutcliffe Efficiency criterion.

OL Open Loop.

PF Particle Filter.

RMSE Root Mean square Error.

SM Soil Moisture.
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