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ABSTRACT 

Validation of satellite-based precipitation products to gauge networks in new locations is 

key to furthering our understanding of current satellite datasets and developing better datasets in 

the future.  In this study, the Tropical Rainfall Measuring Mission (TRMM) 3B43 monthly 

average product is compared to gauge data from Cameroon, Gabon, and Malawi.  The product is 

validated using the 2.5° x 2.5° method laid out by Xie and Arkin (1995) in conjunction with 

locally collected gauge data.  It is shown to be reliable even though it struggles with local 

geography.  Further validation of TRMM 3B43 at a 1° x 1° resolution shows there is insufficient 

data in this study to make an accurate statement on its validity, but the results are relatively 

positive. 
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CHAPTER ONE 

INTRODUCTION 

One of the most continuous challenges in meteorology is the search for accurate data 

from across the globe.  Many nations simply do not have the time or the money to spend on 

maintaining their current weather station networks, let alone expand their networks to some ideal 

global coverage standard.  This lack of in situ data has led to the development of new 

technologies such as satellites and numerical models to collect and create new datasets.  The 

trouble with the datasets from these systems is that they are not in situ data.  A strict history 

teacher would label these datasets secondary sources as they are not a direct observation of the 

variable in question.  This transitions the question from “how do we generate more data” to “is 

the data we generate from non-in situ sources accurate?”  This study will examine this question 

by focusing on TRMM satellite precipitation datasets specifically over Equatorial Africa. 

Satellite precipitation products use both active and passive sensors to determine rainfall 

amounts across the globe.  They do this by observing certain bands of the electromagnetic 

spectrum and converting the incoming photons into useable data.  This method’s flaw is that in 

order to convert the electromagnetic data into precipitation data, extensive calibration is required 

to create a working algorithm.  The calibration process can create a bias favoring certain types of 

precipitating clouds or conditions. 

One of the areas where TRMM’s algorithms do not perform optimally are areas of high 

terrain.  There are several reasons for this which Hirpa et al. (2010) outlined while examining 

Ethiopian rainfall.  Hong et al. (2007) showed the relatively warmer cloud temperatures in 

mountainous regions could cause passive infrared retrievals to miss light precipitation events.  

This was the result of the satellite’s algorithm deeming the cloud temperatures too warm for 

precipitation to occur.  Bitew and Gebremichael (2010) also noted that this misinterpretation 

could lead to the underestimation of total rainfall.  The warmer cloud temperatures in 

mountainous regions also means less ice aloft, even in heavy rainfall events.  This leads to the 

underestimation of rainfall in passive microwave sensors (Dinku et al. 2010).  Further adding to 

the complications is the presence of the mountains themselves.  Bare and ice-covered mountain 

tops have been interpreted as rain-producing clouds in passive microwave algorithms, leading to 
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overestimation (Hirpa et al. 2010).  Lastly, Barros et al. (2006) revealed that the Tropical 

Rainfall Measuring Mission’s (TRMM) precipitation radar, an active microwave sensor, 

experienced difficulties in detecting precipitation at high elevations in the Himalayas.  Hirpa et 

al. (2010) showed that each of the major remote sensing techniques have problems in estimating 

rainfall over mountainous terrain related to their algorithms. 

To further complicate matters, satellites with a high spatial resolution tend to have a low 

temporal resolution, or vice versa.  For example, NASA’s “A-Train” satellite constellation has 

multiple sensors that are useful for detecting precipitation.  However, due to its orbit and swath 

width, the constellation only passes over a location on the equator twice during a 24 hour period. 

As a result of these issues, Xie and Arkin (1995) began to lay the initial groundwork for 

validation.  They compared multiple gauge networks and satellite products available at the time, 

in order to create a basis for further validation.  Their results revealed that a minimum of five 

gauges are needed to, “produce areal-averaged monthly rainfall for grids of 2.5° x 2.5° 

latitude/longitude with an accuracy of 10%”.  More recent authors have argued that as many as 

20 gauges (Ali et al. 2005) are required to attain accurate validations for certain areas to maintain 

the same level of accuracy. 

The TRMM satellite was launched in November 1997 as a joint project between the 

National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration 

Agency (JAXA).  The primary sensors for detecting precipitation are the TRMM Microwave 

Imager (TMI), the precipitation radar (PR), and the Visible and Infrared Radiometer System 

(VIRS) (Kummerow et al. 1998).  The PR was the first space borne rain radar created.  It’s 

original orbit was at 350 km and was boosted up to 402.5 km in August 2001 in order to extend 

its observations beyond the original time frame of 2000 (Wolff et al. 2005).  The orbit is a 46 day 

precessing, circular, non-sun-synchronous, orbit at an inclination of 35 degrees to the equator 

(GES DISC 2012).  This translates to 16 orbits around the earth in a 24 hour period that passes 

directly over a single point at a different local time during the 46 day precession. 

Validation of the TRMM instruments was carried out by the TRMM Ground Validation 

(GV) Program which is a part of the TRMM Satellite Validation Office.  Initial calibration of the 

PR was done over a ground calibration site in Japan (Kummerow et al. 1998).  However this was 

expanded shortly after to include other radar observations from Melbourne, FL; Houston, TX; 

Darwin, Australia; and Kwajalein Atoll, Republic of Marshall Islands (Marks et al. 2000).  More 

http://www.jaxa.jp/index_e.html
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recently the validation sites have been expanded to include Tel Aviv, Israel; Sao Paolo, Brazil; 

Guam, Marianas Islands; Kaohsiung, Taiwan; Om Koi, Thailand; and two multi-radar sites at 

Florida and Texas (GES DISC 2012).  All of these sites collect rain gauge rates, radar rain 

intensity, precipitation type, and rain accumulation products for the continuing calibration 

process (Wolff et al. 2005). 

There are a few advantages using TRMM based precipitation products.  The first is the 

inclusion of the PR data.  The reason for this is the PR is designed to actively sense precipitation 

compared to most satellite based sensors, which passively sense wavelengths that are responsive 

to precipitation.  The second advantage is the high spatial resolution of VIRS and TMI with 

possible resolutions as small as 2.2 km and 5 km respectively (Kummerow et al. 1998).  There 

are several disadvantages to using TRMM based products.   The data are confined to the area 

covered by the satellite’s orbit and swath width.  This means the onboard sensors can only 

observe between 40°N and 40°S.  Also the swath width of the PR is only 215 km (Kummerow et 

al. 1998) which limits the area observed in each pass and makes it possible for a location on the 

equator to go unobserved by the PR during a 24 hour period.   Lastly because the satellite was 

launched in 1ate 1997 useable data only goes as far back as 1998.  

Turning to validation in Africa, in recent years, there have been two main areas of focus, 

the first being over western Africa from the Gulf of Guinea to the Sahara.  This area was the 

focus of many studies attempting to understand whether the Saharan Desert was growing or 

shrinking.  Nicholson et al. (2003a) compiled a large gauge dataset over western Africa for the 

express purpose of validating TRMM’s results.  Using the Xie and Arkin (2005) requirements, 

their results revealed the PR and TMI only products performed poorly.  However the TRMM 

merged product and the TRMM-adjusted Geostationary Observational Environmental Satellite 

(GOES) precipitation index (AGPI), which combines TRMM data with data from other satellites 

and gauges, provided relatively accurate results (Nicholson et al. 2003b). 

Due to the recent drought conditions, its unique mountainous terrain, and a dense gauge 

network, Ethiopia has also become another area of interest.  Dinku et al. (2007, 2008, 2011) have 

spent many hours investigating this area’s multiple gauge networks and remote sensing based 

products.  They have shown that while most of the satellite products do a reliable job, there is 

still a constant underestimation of rainfall amounts over Ethiopia (Dinku et al. 2007). 



4 

 

The rest of Africa remains relatively un-validated and it is the author’s goal to validate 

the TRMM 3B43 satellite-based precipitation product over Cameroon, Gabon, and Malawi.  This 

study will attempt to determine if the satellite product is useable in these areas using newly 

acquired gauge data and the criteria expressed by Xie and Arkin (1995).  It will also make use of 

the TRMM 3B43’s higher spatial resolution as well as make a first attempt at validating a 1° x 1° 

grid box.  The next section will describe the geography, rain gauge, and satellite data used for the 

area in question.  Section three provides a further explanation of the validation schemes and the 

statistical methods used for analysis, with section four discussing the results in detail, and section 

five summarizing those results. 
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CHAPTER TWO 

DATA 

Two areas of interest were evaluated, the Cameroon/Gabon area and Malawi.  Rain gauge 

data for Cameroon/Gabon was provided by the National Directorate of Meteorology of 

Cameroon and by the National Directorate of Meteorology of Gabon.  The data consists of 72 

gauges spread across the two countries for the year 1998.  Figure 1 shows the locations of the 

gauges and the topography of the two countries.  The gauges are appropriately spread out and 

cover many of the different geographical features, including the Cameroon Mountain Range, the 

South Cameroon Plateau, the Ogooué River Valley in Gabon, and the coastal plains.  Figure 2.a 

shows the average monthly precipitation for 1998 according to the University of Delaware 

Precipitation dataset, a gauge-based product.  One feature of note is Mt. Cameroon, located at 

roughly 4°N and 9.5°E, and its surrounding area which experience high amounts of annual 

precipitation.  Figure 2.a shows a yearly average of ~3300 mm/year over Mt. Cameroon; 

however other gauges located on the mountain have recorded over 10,000 mm in a single year.  

These gauges, however, were not provided as part of the dataset used for this study. 

The Malawi rain gauge data was provided by the Malawi Meteorological Services and 

prepared by Mr. Geoffrey Chavulla.  It consists of 34 gauges, as shown in Figure 3, and spans a 

12 year period from 1998 – 2009.  The average monthly precipitation shown in Figure 2.b 

depicts a relatively arid climate with select areas of higher precipitation.  However, Malawi 

experiences an intense rainy season from December to March (Figure 2.c) which accounts for a 

large portion of the yearly precipitation amounts.  Accurately observing this rainy season is the 

key to producing precise measurements for the area. 

The TRMM 3B43 gridded dataset, referred to hereafter as TRMM.  It is a merged 

monthly dataset with a spatial resolution of .25° x .25° and its time frame spans January 1998 to 

July 2011.  This product combines infrared data from geostationary satellites, passive microwave 

data from the TRMM microwave imager (TMI), Special Sensor Microwave Imager (SSM/I), 

Advanced Microwave Sounding Unit (AMSU), Advanced Microwave Sounding Radiometer-

Earth Observing System (AMSR-E), TRMM precipitation radar (PR) and gauge data (Dinku et 

al. 2007).   
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Figure 1.  Topographical map of Cameroon/Gabon with used gauge locations.  Gauges are 

marked by black dots and elevation is shown in meters by the fill.  Provided by Doug Klotter. 
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Figure 2.  Average monthly precipitation in mm/month for a) Cameroon/Gabon in 1998, b) 

Malawi from 1998-2008, and c) Malawi from December to March (the rainy season) in 1998 to 

2008 using the University of Delaware precipitation dataset. 
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Figure 3.  Topographical map of Malawi with used gauge locations.  Gauges are marked by 

black dots and elevation is shown in meters by the fill.  Provided by Doug Klotter. 
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CHAPTER THREE 

METHOD 

Four different box schemes are used in this study.  The first is the 2.5° Normal which is a 

2.5° x 2.5° grid box and, following Xie and Arkin’s (1995) requirements, requires a minimum of 

five gauges within the box to be valid.  The average of the gauges within the box is subtracted 

from the average of the satellite product for the same area, creating an areal-averaged monthly 

mean error for the grid box.  The 2.5° Expanded expands the 2.5° Normal area by including 

gauges within .25° of the initial grid box, creating an effective 3° x 3° area for the gauge values.  

The 3° x 3° gauge average is then compared to the original 2.5° x 2.5° satellite product.  The 2.5° 

Expanded scheme was meant to increase the number of usable grid boxes while remaining as 

close to the Xie and Arkin (1995) requirement as possible. 

A closer examination of TRMM’s high spatial resolution was made in the next two 

schemes by reducing the box size.  The third box scheme is the 1° Normal.  It uses a 1° x 1° box 

and requires a minimum of one gauge within the grid box.  The average of the gauges in the box 

is subtracted from the average of the corresponding 1° x 1° TRMM data.  The last box scheme is 

the 1° Restricted which is computed the same as the 1° Normal, but requires a minimum of two 

gauges to be valid.  The two gauge requirement was chosen arbitrarily due to a lack of defined 

convention in the literature.   

The following error statistics were taken from Dinku et al. (2007) and applied to all four 

schemes.  These methods include the mean error (ME), root-mean-square error (RMS), 

efficiency score (Eff).      ∑     

       √  ∑      ̅  

      ∑     ∑    ̅   
It should be noted that G = average of gauges within a single box, Ḡ = average of gauges for all 

of the boxes, S = average of satellite data within a single box, and N = number of data pairs.  
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Mean error is in millimeters per day, RMS error is a percentage, and the efficiency score is unit-

less.  The efficiency score shows the skill of the estimates relative to the gauge mean and varies 

from negative infinity to one, with one being perfect skill.  Physically the efficiency score is the 

ratio of the mean square error to the variance in the observed data subtracted from one (Legates 

and McCabe 1999).  A negative value shows poor satellite skill, a zero means the satellite is as 

good as the gauges, and a positive value shows good skill (Dinku et al. 2007).  Bias percentage 

was also calculated as shown below.           ̅   ̅ ̅  

Where the bias is positive it indicates that the satellites are overestimating as compared to the 

gauges, while a negative bias indicates that the satellites are underestimating the precipitation 

amounts. 
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CHAPTER FOUR 

RESULTS 

4.1 2.5° Normal 

The initial results over the Cameroon/Gabon area are mixed.  Figure 4.a shows the 2.5° 

Normal average monthly error for the TRMM dataset in 1998.  Five of the six 2.5° boxes are 

within ±1 mm/day range.  The other box contains Mt. Cameroon and, predictably, there is a large 

amount of error.  However, what is surprising is that TRMM overestimates the precipitation.  

The error statistics in Table 1 confirm what is visible in the figure.  The results are greatly 

affected by the overestimation of the box containing Mt. Cameroon.  However, even with this 

single large error, compared to the rest of the boxes, the error statistics are still encouraging.   

 

 

Figure 4.  2.5° schemes average monthly error (mm/day) for 1998 over Cameroon/Gabon using 

a) 2.5° Normal and b) 2.5° Expanded schemes.   
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TRMM has a mean error of 0.412 mm/day, a strong efficiency score and a bias of only 7.547%.  

But the RMS error is high at almost 41%.   

Malawi’s results are more interesting; Figure 5 shows the individual yearly averages of 

TRMM for the 12 year time span.  Except for one box, all of the comparisons fall within the ±1 

mm/day error range.  The error statistics for Malawi follow the same pattern seen in 

Cameroon/Gabon.  The TRMM mean error, efficiency scores, and bias are very good, while at 

the same time having a large RMS error of 41.85%.  Between the two areas of interest the 

comparisons showed that the TRMM was consistent.  Both mean errors were less than ±0.5 

mm/day, their RMS error was around 41%, they had positive efficiency scores, and a bias within 

±10%.   

Scheme ME RMS Eff Bias 

CG .5˚ Nor al TRMM 0.413 40.75 0.691 7.547 

CG .5˚ Expanded TRMM 0.156 36.87 0.755 3.006 

Mal .5˚ Nor al TRMM -0.165 41.85 0.872 -5.514 

Mal .5˚ Expa ded TRMM -0.158 48.13 0.842 -5.668 

 

Table 1.  Error statistics for the 2.5° schemes.  CG = Cameroon/Gabon, Mal = Malawi, ME = 

Mean Error (mm/day), RMS = root mean square error (%), Eff = efficiency score and Bias (%). 
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Figure 5.  Average TRMM-Gauge monthly error (mm/day) over Malawi for the 2.5° Normal 

scheme ranging from 1998 to 2009 as labeled. 
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4.2 2.5° Expanded 

The inclusion of the extra gauges in the 2.5° Expanded box requirements had the 

expected result of increasing the number of available grid boxes.  The TRMM yearly average for 

Cameroon/Gabon in Figure 4.b shows the addition of extra gauges does not affect the results as 

seen in the 2.5° Normal scheme depicted in Figure 4.a.  Three of the four new generated boxes 

fall within the ±1 mm/day error range.  The error statistics shown in Table 1 complement the 

results seen in the figures.  The 2.5° Expanded TRMM results show improvement in all four 

error statistics.  It has a lower mean error, lower RMS error, an improved efficiency score and 

less bias compared to the 2.5° Normal statistics.  These improvements are most likely due to the 

box containing Mt. Cameroon became less dominant with the larger amount of viable grid boxes. 

The Malawi TRMM data in Figure 8 shows that only one of the newly generated boxes, 

when compared to Figure 5, does not fall in the ±1 mm/day error range.  The TRMM error 

statistics in Table 1 does not follow the pattern seen in the Cameroon/Gabon results.  The mean 

 

 

Figure 6.  Average TRMM-Gauge monthly error (mm/day) over Malawi for the 2.5° Expanded 

scheme ranging from 1998 to 2009 as labeled. 
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error improves, while the RMS error, bias, and efficiency score regress slightly.  After relaxing 

the Xie and Arkin (1995) requirements and including the extra gauges along the borders of the 

initial boxes, the validation results are mixed.  The mean errors were the only statistic that 

improved in both areas compared to the 2.5° Normal.  In the rest of the statistics the 

Cameroon/Gabon results improved while the Malawi results regressed.   
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4.3 1° Normal 

The next scheme used is the 1° Normal which requires the box to have a gauge in it for 

comparison with the TRMM grid points in the corresponding box.  Figure 7.a shows the results 

over Cameroon/Gabon, which are surprisingly good.  Between two-thirds to three-quarters of the 

results fall within the ±1 mm/day error range, while the remaining boxes deviate more drastically 

than those seen in the 2.5° schemes.  Once again, TRMM overestimates the amount of 

precipitation around Mt. Cameroon.  However, the smaller box size limits the error to a smaller 

area and a lesser percentage of the usable boxes.  At the same time, the surrounding boxes, which 

were originally part of the 2.5° schemes’ boxes, fall within the ±1 mm/day error range.  The 

Malawi results shown in Figure 8 are consistent, with all but one box falling in the ±2 mm/day 

error range.   

 

 

Figure 7.  Average TRMM-Gauge monthly error (mm/day) over Cameroon/Gabon for 1998 

using the a) 1° Normal scheme and b) 1° Restricted scheme.   
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The error statistics in Table 2, however, indicate there are some problems with this 

scheme.  The mean error and bias are the lowest observed values for both areas of interest 

compared to 2.5° schemes.  However, the RMS error has noticeably increased compared to the 

2.5° schemes and the efficiency scores have decreased.  The increase in RMS error is to be 

expected because of the fewer gauges present in each grid box. 

Scheme ME RMS Eff Bias 

CG ˚ Nor al TRMM 0.025 55.65 0.606 0.491 

CG ˚ Restricted TRMM 0.239 51.71 0.589 4.604 

Mal ˚ Nor al TRMM -0.139 66.23 0.742 -4.940 

Mal ˚ Restricted TRMM -0.146 59.12 0.779 -5.169 

Figure 8.  Average TRMM-Gauge monthly error (mm/day) over Malawi for the 1° Normal 

scheme ranging from 1998 to 2009 as labeled. 

Table 2.  Error statistics for the 1° schemes.  CG = Cameroon/Gabon, Mal = Malawi, ME = 

Mean Error (mm/day), RMS = root mean square error (%), Eff = efficiency score and Bias (%). 
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4.4 1° Restricted 

The 1° Restricted scheme is meant to improve on the 1° Normal by removing boxes 

consisting of a single gauge with erroneous readings.  Looking at Figure 7.b, the initial 

impression is that the error has become more apparent to the eye.  Half of the boxes that fell into 

the ±1 mm/day error range have been removed by the new box restrictions.  As for the remaining 

boxes, their change displays no noticeable pattern, as some improve while others regress.  The 

Malawi results in Figure 9 exhibit the same lack of pattern of change in the visible box error 

compared to the 1° Normal.   

The error statistics in Table 2 present a more interesting picture.  Both areas’ mean error 

increases as compared to the 1° Normal scheme, but at the same time, their RMS error decreases.  

The biases shift differently with Cameroon/Gabon becoming more biased towards TRMM’s 

estimation in the 1° Normal, while Malawi’s becomes more biased towards the gauges.  The 

efficiency scores are most noteworthy because of the opposite change of the areas compared to 

 

 

Figure 9.  Average TRMM-Gauge monthly error (mm/day) over Malawi for the 1° Restricted 

scheme ranging from 1998 to 2009 as labeled. 
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the previous scheme.  The efficiency in Cameroon/Gabon’s decreases, suggesting it is a less 

skillful representation, while at the same time, for Malawi the skill increases.  These unexpected 

changes in the error statistics are most likely due to two reasons.  The requirement of two gauges 

has improved the quality of the data within each box, leading to better results in the RMS error.  

However, at the same time the sample size has decreased, leading to more biased results, a 

fluctuating efficiency score and the improved RMS error. 
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CHAPTER FIVE 

SUMMARY/DISCUSSION 

This study had two goals; the first was to examine the validity of the TRMM 3B43 

monthly precipitation dataset over Equatorial Africa using Xie and Arkin’s (1995) requirement.  

The 2.5° TRMM data proved to be reliable over the areas of interest except for the grid box 

containing Mt. Cameroon, which experienced consistent overestimation.  This overestimation is 

probably due to the gauges used for this study were located only on the western side of the 

mountain, which faces away from the ocean.  The gauges used showed an average rainfall 

amount of ~225 mm/month, compared to the 250 mm/month shown in the University of 

Delaware precipitation data.   

The second goal of this study was to make a first attempt at validating a 1° x 1° grid box 

using TRMM and it produced some interesting results.  The 1° Normal had some of the lowest 

mean errors and least biased results, however, the 1° Restricted had a lower RMS error.  This 

leads to the question of which of the two validation schemes produces the best results at the one 

degree scale?  The key to this discussion is precipitation varies greatly over spatial areas with as 

little as a 50km distance being the difference between a gauge observing a 10 cm rainfall event 

or no observation of the event at all.  The 1° Normal’s single gauge requirement in a 1° x 1° box 

makes it is possible for a single gauge to represent all of the precipitation in a roughly 12,100 

km
2
 area.  So if a gauge was located in the northeastern corner of the grid box and a heavy rain 

producing system only passed over the southern half of the grid box it would go unobserved.  

This occurrence is reflected in the large RMS error and the presence of grid boxes with errors 

being greater ±2 mm/day over Cameroon/Gabon.  However, in the 1° Restricted the two gauge 

requirement increases the chances that the same rain producing system in the previous example 

would be observed by a gauge.  This is manifested in the decrease of the RMS error and removal 

or reduction of error in most of the 1° Normal gird boxes with large error.   

As stated earlier, the goal of this work is to determine how accurately TRMM estimates 

rainfall in regions of equatorial Africa with complex terrain.  The results do not give a definitive 

answer to this question.  Rather, the results only indicate the performance of TRMM relative to 

the gauges.  A full answer to the question of accuracy requires examination of the error in the 
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gauge estimates, which is beyond the scope of this thesis.  Overall, the work suggests promising 

results in the TRMM estimates.  However, more work is needed before any precedent-setting 

judgments can be made.  Specifically future work using better gauge datasets will be required 

before claims stronger than those shown in this study can be made.  These datasets will need to 

cover a larger spatial area and have a higher gauge density than seen in Malawi, especially if 

using a 1° x 1° scheme. 
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