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Outline

1. Satellite rainfall estimates (SREs)
 Point to pixel

 Pixel to pixel

2. Formulation of bias correction schemes

3. Hydrologic evaluation of bias corrected SREs

4. Model parameter optimization using SREs

5. Implications on water resources management in the Zambezi Basin
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Introduction

 Rainfall an important resource that drives all sustainable economic goals
 Gauge based estimates in Zambezi basin have many limitations

 incomplete  synoptic coverage of the basin

 poor spatial distribution of the rain gauges

 Satellite-derived rainfall estimates (SREs) provide a more effective  & cost 
efficient rainfall data capturing technique

 SREs prone to systematic and random errors related to the fact that SRE are an 
indirect rainfall estimate from visible (VIS), infrared (IR), and/or microwave (MW) based 
information of cloud properties 

 SREs once bias-corrected and adequately pre-processed, can be used 
directly in hydrological models.
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Objectives

Main Objective
 To perform hydrologic evaluation of the Zambezi basin’s Kapombo River Catchment 

by the REW model using bias corrected CMORPH satellite rainfall. 

Specific objectives
 i) to evaluate effectiveness of 3 bias correction schemes for CMORPH satellite rainfall

 ii) to calibrate and validate the REW hydrological model by gauge based rainfall and 
discharge in the Kabompo Catchment 

 iii) to evaluate how the performance of REW model used for streamflow predictions is 
affected when bias corrected satellite data is used to drive the model. 
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Materials and Methodology
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Overview of gauge based and satellite data
Gauging Station Start date End Date % missing records Elevation (m) Station type

Kalabo 01/01/1998 31/12/2011 5.20 1033 precipitation

Zambezi 01/01/1998 31/12/2013 1.60 1075 precipitation

Kabompo 01/01/1998 30/04/2005 0.08 1086 precipitation

Kaoma 01/01/1998 31/11/2013 9.89 1162 precipitation

Kasempa 01/01/1998 31/12/2013 29.1 1185 precipitation

Mwinilunga 01/01/1998 31/12/2013 4.81 1319 precipitation

Solwezi 01/01/1998 31/12/2013 0.02 1372 precipitation

Watopa 01/01/1998 31/12/2013 0.02 1372 discharge
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Satellite Rainfall
 CMORPH rainfall - 8 km × 8 km spatial resolution and 30 min temporal resolution

 2 approaches for comparing raingauge observations with uncorrected CMORPH rainfall:

 compare raingauge point scale to CMORPH satellite derived rainfall data at pixel scale
 compare interpolated rainfall to CMORPH estimates at pixel- to- pixel scale
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Bias correction scheme formulation7

 Bias in CMORPH rainfall estimates in the Kabompo Basin is calculated for a certain day only 
when:
 within the preceding 7-day window…

 there is a minimum of five rainy days recorded….

 with a minimum rainfall accumulation depth of 5 mm

 otherwise no bias is estimated (i.e. a value of 1 is assigned). 

 This means bias factors change value for each station for each 7-day period.
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Bias correction schemes
8

 1. Spatio-temporal bias correction (STB)
 G = daily gauge based rainfall observations

 i = gauge location, d = selected day

 t = julian day number

 l  = length of a time window for bias calculation

 2. Power transform (PT) 
 G = daily rain gauge rainfall, 

 a = prefactor such that the mean of the transformed CMORPH = mean of gauge observations

 b = factor calculated iteratively such that CV of CMORPH = CV of gauge based observation

 3. Distribution transformation (DT)
 = correction factor for the variation 

 =correction factor for the mean

STB
 
 









l-dt

dt

l-dt
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ti,G
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S
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Modelling approach (REW Model)

 The Representative Elementary Watershed (REW) model (Reggiani et al.,1998, 1999, 2005) is used 
for  rainfall-runoff modelling using rainfall estimates by 3 bias corrected rainfall inputs, uncorrected 
CMORPH and gauge estimates.

 Watershed system, underlain by a regional aquifer, extending beyond watershed topo boundaries.

 Watershed is partitioned into a series of discrete spatial 

units called Representative Elementary Watersheds (REWs). 
 REWs are identified by DEM hydroprocessing

 Closure of balance equations from hydrologic relations
 Darcy’s law, Chezy’s formula, Saint Venant equation
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Approach to use CMORPH satellite rainfall in REW

 Model is first calibrated and validated with raingauge data for the Sept 2004-
October 2007 and Sept 2008-October 2010 periods respectively

 Calibration based on the gauge based estimates serves as a reference for further 
assessments on effectiveness of CMORPH bias correction schemes (2008-2013)

 Uncorrected and bias corrected satellite rainfalls are extracted in a distributed 
fashion for each of the 29 REWS to increase representativeness of the rainfall 
received in each of the REWS and values subsequently averaged for each REW

 REW model simulations are compared with observed runoff and raingauge estimates 
which are also extracted for each REW from krigging interpolation technique.

 Nash Sutcliffe Efficiency (NSE) and Relative Volume error for model efficiency
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Results and Discussion
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Evaluation of bias correction schemes
12

Figure 1

Kalabo Kaoma Kasempa Mwinilunga

CMORP STB PT DT CMORP STB PT DT CMORP STB PT DT CMORP STB PT DT

Point to 

Pixel 

% Bias 9.94 9.83 4.91 4.59 17.16 3.84 11.1 14.8 16.91 -3.75 4.76 3.76 63.86 4.04 -11.2 6.68

RMSE -3.29 9.00 7.25 1.16 -3.25 6.86 6.30 1.18 -3.39 5.63 4.72 0.76 -3.17 9.14 7.88 2.54

CC 0.23 0.52 0.52 0.50 0.27 0.69 0.69 0.69 0.19 0.72 0.72 0.69 0.16 0.61 0.61 0.29

Ratio 1.07 0.98 0.88 0.87 1.10 1.00 1.07 1.11 1.30 0.94 1.09 1.08 1.07 1.00 0.85 1.03

Pixel to 

Pixel 

% Bias 67.19 -9.33 -39.2 -39.2 -19.9 5.90 6.29 -7.90 80.29 -65.8 -67.3 -67.9 -54.27 24.3 38.8 29.3

RMSE -4.19 9.63 9.13 12.0 -5.92 9.33 9.51 13.42 -9.44 12.2 12.5 13.4 -6.05 6.05 7.54 17.9

CC 0.35 0.41 0.38 0.38 0.62 0.63 0.65 0.62 0.70 0.89 0.72 0.78 0.53 0.67 0.59 0.58

Ratio 1.06 1.01 0.95 0.95 1.02 1.01 0.92 0.89 0.43 1.00 0.96 0.94 1.26 1.05 1.20 1.18
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Taylor diagram for basin average performance 

Point to pixel

Pixel to pixel
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REW Calibration results (Sept 2004-October 2007)14

Point to pixel (NSE=0.71, RVE= 4%) Pixel to pixel (NSE=0.68, RVE=10%)
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REW validation results (Sept 2007-October 2010)15

Point to pixel (NSE=0.67, RVE= 8 %) Pixel to pixel (NSE=0.61, RVE= 13 %)
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Effects of bias corrected CMORPH on streamflow simulation (2008-2013) 

16

Observed
discharge

Raingauge CMORPH STB PT DT

Point to pixel
Max (m3/s) 1214.8 1284.5 1038.6 1290.6 1139.4 1312.4

Mean (m3/s) 295.9 300.6 332.3 315.9 281.6 300.6

4-year runoff total ( m3/s) 54.0 * 104 53.3* 104 59.2* 104 53.5* 104 50.9* 104 53.3* 104

Pixel to pixel
Max (m3/s) 1214.8 1326.8 1024.6 1226.4 1106.2 1009.6

Mean (m3/s) 295.9 256.5 226.4 286.2 206.6 260.1

4-year runoff total ( m3/s) 54.0 * 104 52.9* 104 49.9* 104 55.7* 104 49.9* 104 53.3* 104
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Model parameter optimization using different rainfall inputs
*figures in brackets = pixel to pixel

outside bracket     = point to pixel
17

Parameter Unit Initial

parameter

Gauge CMORPH STB PT DT

Soil porosity - 0.5 0.55 (0.50) 0.65 (0.55) 0.6 (0.65) 0.50 (0.45) 0.45 (0.65)

Ksat

m/s 0.0005 0.007 (0.006) 0.020 (0.0010) 0.008 (0.007) 0.005 (0.004) 0.015 (0.015)

Water table
depth

m 15.0 15.5 (15.4) 16 (16.5) 15.0 (15.4) 15.0 (15.5) 16.0 (15.5)

At a station
depth scaling
exponent

--- 0.40 0.35 (0.40) 0.60 (0.65) 0.2 (0.35) 0.25 (0.55) 0.5 (0.5)

Initial water
content

--- 0.30 0.35 (0.45) 0.45 (0.46) 0.3 (0.40) 0.4 (0.45) 0.5 (0.60)

Water content
at saturation

--- 0.50 0.7 (0.8) 0.45 (0.55) 0.2 (0.5) 0.5 (0.4) 0.4 (0.6)

NSE --- 0.75 0.59 (0.55) 0.72 (0.72) 0.68 (0.69) 0.65 (0.68)
RVE % 4.8 6.2 (5.6) 4.6 (7.4) 6.6 (-5.9) -8.2 (-8.0)
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Conclusions (1)

 We evaluated bias corrected satellite rainfall estimates through hydrological modelling in 
Kabompo, a headwater catchment of the Zambezi Basin in Southern Africa
 an example of many world regions that can benefit from satellite-based rainfall products for 

resource assessments and monitoring.

 Four conclusions were drawn:

1. CMORPH rainfall contains significant biases (in some stations more than 50 %) that manifest 
in terms of detection, frequency and magnitude.
 The point to pixel rainfall input performs significantly better than the pixel to pixel.

2. Both bias correction methods provide an appropriate means to correct the SRE data
 The most important aspect of the CMORPH bias is its spatio-temporal variation as accounting for it 

substantially reduced the rainfall bias.
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Conclusions (2)
3. The REW model better captured observed mean, maximum and runoff totals when bias-
corrected CMORPH estimates were used instead of the uncorrected estimates. We observed 
that the runoff model translates small rainfall errors to larger streamflow errors.

a. magnitudes of error amplifications smaller for bias-corrected CMORPH than uncorrected CMORPH

b. −12 % bias of CMORPH rainfall inputs is translated to −17 % streamflow bias.

c. The bias amplification was reduced (from −12% rainfall bias to only −7% streamflow bias) when the 
spatio-temporal bias corrections were applied to the CMORPH rainfall input.

4. REW hydrologic model calibration procedure compensated for rainfall input errors by 
changing the optimum values of model parameters as rainfall input changes.

a. parameters that control runoff volumes showed largest sensitivity to the different rainfall inputs.

b. However, the optimal parameter values stayed within the physically allowable ranges.
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