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Abstract

Multi-sensor precipitation datasets including two products from the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite
Precipitation Analysis (TMPA) and estimates from Climate Prediction Center Morphing Technique (CMORPH) product were quanti-
tatively evaluated to study the monsoon variability over Pakistan. Several statistical and graphical techniques are applied to illustrate the
nonconformity of the three satellite products from the gauge observations. During the monsoon season (JAS), the three satellite precip-
itation products captures the intense precipitation well, all showing high correlation for high rain rates (>30 mm/day). The spatial and
temporal satellite rainfall error variability shows a significant geo-topography dependent distribution, as all the three products overes-
timate over mountain ranges in the north and coastal region in the south parts of Indus basin. The TMPA-RT product tends to over-
estimate light rain rates (approximately 100%) and the bias is low for high rain rates (about ±20%). In general, daily comparisons from
2005 to 2010 show the best agreement between the TMPA-V7 research product and gauge observations with correlation coefficient values
ranging from moderate (0.4) to high (0.8) over the spatial domain of Pakistan. The seasonal variation of rainfall frequency has large
biases (100–140%) over high latitudes (36N) with complex terrain for daily, monsoon, and pre-monsoon comparisons. Relatively low
uncertainties and errors (Bias ±25% and MAE 1–10 mm) were associated with the TMPA-RT product during the monsoon-dominated
region (32–35N), thus demonstrating their potential use for developing an operational hydrological application of the satellite-based near
real-time products in Pakistan for flood monitoring.
� 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In Pakistan major floods are caused by the summer
monsoon, which have a long track stretching from the ocean
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to the convection near the Himalayan foothills. The 2010
floods were the worst natural disasters in the history of Paki-
stan killing and injuring nearly 5000 people directly, displac-
ing as many as 20 million and inundating 20% of the
country. In the scientific community, these events generated
an interesting debate on monitoring the extreme amount of
monsoon precipitation that led to the flooding (Houze et al.,
2011; Wang et al., 2011; Webster et al., 2011). It has been
discussed that satellite precipitation and weather forecast
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models can be used to monitor and predict the development
and movement of such convective precipitation systems
(Houze et al., 2011; Webster et al., 2011). However, the
argument that the 2010 floods could have been predicted
is contingent on the accuracy of the precipitation estimates
as well as the appropriate use of physically based distributed
hydrologic models. An in-depth analysis has not been
performed on the accuracy and uncertainties of near real
time satellite precipitation estimates to predict and monitor
the monsoon flooding in Pakistan. In this context, we
attempt to investigate the error characteristics of three
widely-used high resolution satellite precipitation products
over Pakistan.

The monsoon system in Pakistan occurs mainly due to
land-sea temperature differences inciting moisture-laden
fluxes from the Bay of Bengal and the Arabian Sea result-
ing in low pressure and convection. The moist air moves
northward, passing through the lower Indus plain and
encounters the relief of the Hindu Kush-Himalayas result-
ing in enhanced orographic effects and high rainfall rates.
Pakistan receives precipitation during two seasons: (i)
heavy summer rains in the northeastern part from mon-
soon currents; and (ii) late winter and early spring rains
due to disturbances in the mid-latitude westerlies (Khan,
1993; Wang et al., 2011). Accurate precipitation estimates
during monsoon season (JAS) is crucial in rainfall runoff
modeling for flood monitoring and prediction. Traditional
dense rain gauge networks have been used for flood moni-
toring and other hydrologic studies but their distributions
are often sparse in developing countries and data availabil-
ity over mountainous terrain is inadequate (Astin, 1997;
Griffith et al., 1978; Huffman et al., 2001; Maddox et al.,
2002; Margulis, 2001; Simpson et al., 1996; Steiner et al.,
2003; Vicente et al., 1998). Contrary to ground based mea-
surements, precipitation estimates from space with
high-spatiotemporal resolution and large areal coverage
can supplement the existing precipitation estimates for
hydrological models in regions where conventional in situ
precipitation measurements are not readily available
(Semire et al., 2012; Su et al., 2008; Yong et al., 2012).
Thus, satellite-based precipitation estimates provide a good
representation of spatial rainfall patterns and have been
complementary to the ground-based rain gauge and radar
measurements.

The leap forward in precipitation estimation from space
radar began in 1997 with the introduction of the Tropical
Rainfall Measuring Mission (TRMM). The Ku-band
TRMM Precipitation Radar (PR) is the first operational
space borne radar that is exclusively used for precipitation
estimation (Kawanishi et al., 2000; Kummerow et al., 1998;
Simpson et al., 1996). The TRMM PR has enabled the
global mapping of rainfall in the tropics and has contrib-
uted to the increased physical understanding of storm
cloud characteristics accompanying various forms and
levels of rainfall rates. Since then, numerous high resolu-
tion, quasi-global and near real-time satellite precipitation
algorithms have been developed and satellite precipitation
products are readily available for use over the internet
(Hong et al., 2007; Huffman et al., 2007; Joyce et al.,
2004; Kubota et al., 2007; Sorooshian et al., 2000; Turk
and Miller, 2005). Among the fine resolution satellite pre-
cipitation data products comprises the Tropical Rainfall
Measuring Mission (TRMM) Multi-satellite Precipitation
Analysis (TMPA) products (Huffman et al., 2007), the
Naval Research Laboratory (NRL) Global statistical
precipitation product (Turk and Miller, 2005), the Climate
Prediction Center (CPC) morphing algorithm (CMORPH)
(Joyce et al., 2004), the Passive Microwave Calibrated
Infrared (PMIR) algorithm (Kidd et al., 2003), the
Precipitation Estimation from Remotely Sensed Informa-
tion using Artificial Neural Networks (PERSIANN)
(Sorooshian et al., 2000), and the PERSIANN Cloud Clas-
sification System (Hong et al., 2004). The advancement of
these estimation methods throughout the last decade is the
cornerstone for the future Global Precipitation Measure-
ment (GPM) mission (Smith et al., 2007), that will be
launched in June 2014.

The instantaneous availability and wide-ranging
coverage of satellites data offers invaluable precipitation
estimates especially over complex terrain and ungauged
regions that lack adequate surface-based observations.
However, these datasets with their global availability and
spatiotemporal advantages might come with limitations
on the accuracy of quantitative precipitation estimates.
Moreover, the use of space and ground based multi-sensor
rainfall estimates for flood monitoring and prediction
cannot be achieved without understanding the errors char-
acteristics of these estimates. Previous studies assessed the
accuracy of various satellite rainfall products by comparing
gauge data around the world. At present, the most
extensive error studies focus on the continental United
States (Ebert et al., 2007; Habib et al., 2009; Hossain and
Huffman, 2008). Studies in other continental regions
include comparisons over several basins in South Africa
by Su et al. (2008), over the La Plata basin in South Amer-
ica, and (Dinku et al., 2011; Li et al., 2009) conducted a
comprehensive evaluation of ten different satellite estimates
using gauge observations over East Africa. Another
detailed comparison of several operational precipitation
estimates has been performed by Andermann et al.
(2011), Bookhagen and Burbank (2010) and Islam et al.
(2010) while (Yin et al., 2008; Yong et al., 2010) looked
at complex terrains in Himalaya region in South Asia
and Tibetan Plateau in China. More recently, Tian and
Peters-Lidard (2010) evaluated an ensemble of six satellite
precipitation products including TRMM-V7, TRMM-RT
and CMORPH and provided a global view of the error
characteristics of these estimates.

Realistic depiction of temporal and spatial rainfall esti-
mates associated with intense rainfall is central for improve-
ment of operational flood monitoring techniques and early
warning strategies. Therefore, it is critical to evaluate the
performance of satellite precipitation products for any flood
modeling for monsoon systems. Several studies performed
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evaluations of satellite precipitation for hydrologic applica-
tions in different countries around the world (Barros et al.,
2000; Behrangi et al., 2011; Gourley et al., 2010; Islam
et al., 2010; Yong et al., 2012); and similar efforts are at least
equally needed for multi-sensor precipitation comparison in
flood-prone Pakistan. In particular, information on the
accuracy related with satellite estimates is often lacking,
especially for reliable monsoonal precipitation estimates in
flood prone areas that are affected by intense precipitation
at high latitudes and mountainous regions.

Consequently, specific objectives of this paper are to (i)
assess the uncertainty of these estimates and quantify the
errors associated to the three high-resolution multi sensor
products in Pakistan (Fig. 1) with varying precipitation cli-
matology; (ii) offer an insight into the spatiotemporal error
structure of these datasets and how much they differ during
monsoon, pre-monsoon and daily scales; and (iii) investi-
gate the geo-topography dependent distribution pattern
and variation of monsoonal rainfall for the catastrophic
2010 flood. This study will provide insights into the future
possibility to integrate these satellite precipitation products
into rainfall runoff models for development of an opera-
tional flood prediction system in disaster-prone regions of
Pakistan. The manuscript is organized into the following
three main sections: Section 2 provides a general back-
ground of satellite precipitation observations, Section 3
Fig. 1. Map of Pakistan with topography (m) and the PMD stations (numbe
products for 2005–2010 summer monsoon season.
focuses on the satellite precipitation comparison methodol-
ogy, Section 4 discusses the results and the last section con-
cludes the paper with a summary of the findings.

2. Datasets

2.1. Satellite based precipitation estimates

Satellite precipitation estimates were quantitatively eval-
uated over Pakistan, located within the TMPA product lat-
itude band ranging from 24�N to 37�N (Fig. 1). The three
precipitation data sets used to assess the precipitation var-
iability are the TMPA real-time version of 3B42 (hereafter
TMPA-RT), post real time research product of 3B42 (here-
after TMPA-V7) (Huffman et al., 2011) and the National
Oceanic and Atmospheric Administration (NOAA) Cli-
mate Prediction Center Morphing Technique (CMORPH)
precipitation product (Joyce et al., 2004). These standard
high-resolution products have been used by the research
community for numerous evaluation studies in different cli-
matic conditions around the world. In this manuscript the
above mentioned products were quantitatively evaluated
against measurements from rain gauges over upper and
lower Indus basin, Jhelum and Ravi basin in Pakistan
(Fig. 1). In this study, the daily precipitation data at a
0.25� � 0.25� latitude/longitude spatial scale are used.
red), used to compare the TRMM and CMORPH satellite precipitation
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2.2. Synoptic gauge network data

Pakistan extends from approximately 61–77�E longitude
and 23.5–37�N latitude and endures diverse climatic
regimes. The altitude ranges from sea level with very dry
and hot weather in the south to very cold, snow-covered
terrain to the north on the world’s highest mountain peaks
with a maximum elevation of about 7000 meters (Fig. 1).
Due to diversified climates, the precipitation regime differs
significantly in time and space. Mean annual precipitation
varies from approximately 300 mm in the south to about
1300 mm in the north. To measure these climatic condi-
tions, ground-based instruments have been recording data
since the existence of Pakistan, while many other gauged
sites were installed later. However, the low spatial and tem-
poral resolution of rain gauge networks in mountainous
catchments is inadequate for hydrologic applications. In
this study we used the daily precipitation data of twenty-
four gauged stations (Fig. 1) obtained from the Pakistan
Meteorological Department (PMD).

The gauge network data recordings are subject to signif-
icant sources of error, both from the recording process and
the instruments themselves. First, the original data pro-
vided by the PMD was subjected to manual and visual
inspection for quality control, followed by corrections to
any irregularities in the data record. Daily rainfall accumu-
lation time series for each gauge was plotted to screen out
the corrupt data.
3. Methodology

3.1. Validation statistical indices

To quantitatively evaluate the three satellite precipita-
tion datasets are compared to rain gauge network observa-
tions, we used several statistical indices that are listed in
Table 1 and described below. Pearson correlation coeffi-
cient (CC) is used to assess the scale of agreement that
reflects the level of linear correlation. Moreover, four sta-
tistical indices are used for validation to check for error
and bias between satellite precipitation and gauge observa-
tions. The root mean square error (RMSE) evaluates
Table 1
Validation statistical indices used to compare the TRMM-based precipitation

Statistical index/unit Equation

Correlation coefficient (CC)
CC ¼ ffiffiPq

Root mean squared error (RMSE)/mm RMSE ¼

Mean error (ME)/mm ME ¼ 1
n

P

Mean absolute error(MAE)/mm MAE ¼ 1
n

Relative Bias (BIAS) /% BIAS ¼
P

Notation. n: number of samples; PSati: satellite precipitation (e.g. TMPA-RT
magnitude of mean error and a more simplistic index the
mean error (ME) determines the mean variance relating
to the estimated and observed data whereas, the mean
absolute error (MAE) shows mean magnitude of the error.
While, RMSE also calculates the magnitude of error but
with more emphasis on large errors as compare to mean
absolute error. The relative bias (BIAS) provides informa-
tion on the magnitude of difference between the two data-
sets. We used this index to quantify the systematic error in
the satellite precipitation data. The rainfall features for
instance the relative contribution to the total seasonal rain-
fall and the percentage of rain occurrence in different inten-
sity classes have been discussed in detail for pre-monsoon
and monsoon seasons.
4. Quantitative analysis of satellite precipitation

Using the rain rate from daily satellite precipitation
products, we studied the error structures of the three satel-
lite products in relation to the elevation and latitude bands.
4.1. Comparisons at daily time scale

With the intention to understand the comparability of
the space-based precipitation estimates with the rain gauge
data, the sub daily satellite rain rate is converted into daily
rainfall, which is the same temporal resolution as the gauge
network data. Daily observed rain gauge data for all sta-
tions are pooled together for the entire study period
(2005–2010) to find the overall correlation and error statis-
tics of TMPA-V7, TMPA-RT and CMORPH precipitation
in scatter plots (Fig. 2). The error statistics are shown at the
lower right side of Fig. 2. It was found that TMPA-V7
underestimated gauge observations by only 4% with a
moderate correlation of 0.5 (Fig. 2(a)), while TMPA-RT
and CMORPH systematically overestimated gauge obser-
vations by 18% and 9% with a correlation of 0.46 and
0.48 (Fig. 2(b) and (c)), respectively. Fig. 3 shows statistical
error characteristics calculated from the daily comparisons.
Over the monsoon region (32–35 N), the correlation coeffi-
cient (CC) ranged from 0.5–0.6 (Fig. 3(a)) TMPA-RT
tends to overestimate in the lower flat regions as well as
products and the gauged observations.

Perfect value
Pn

i¼1
ðPGaui�PGauÞðPSati�PSatÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n

i¼1
ðPGaui�PGauÞ2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
ðPSati�PSatÞ2

q 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1ðPSati � PGauiÞ2

q
0

n
i¼1ðPSati � PGauiÞ 0
Pn

i¼1jPSati � PGauij 0
n

i¼1
ðPSati�PGauiÞPn

i¼1
PGaui

� 100% 0

and TMPA-V7); PGaui: gauged observation.



Fig. 2. Scatterplots of the grid-based precipitation comparison at the 24 selected stations between (a) daily TMPA-V7 and gauge, (b) daily TMPA-RT and
gauge (c) daily CMORPH and gauge. Gauge Mean = 1.69 mm.
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in the upper Indus basin (Fig. 3(b)). In general, TMPA-V7
showed lower error than TMPA-RT and CMORPH
(Fig. 3(c–e)).

The rainfall features expressed as the percentage of
relative contribution to the total rainfall and the rain
occurrence in different intensity classes have been studied
in detail. The high intensity classes may be the leading
trigger for the river floods in Pakistan. In the high intensity
classes (>25 mm day�1), the rainfall occurrence is about
40%. Fig. 4(a) shows that TMPA-RT, TMPA-V7 and
CMORPH overestimated for the low rainfall intensity
range (less than 1 mm day�1 to 10 mm day�1) Fig. 4(a).
Interestingly, the satellite products slightly underestimated
at a higher rainfall classes (>30 mm day�1). The incidence
of satellite precipitation is approximately 45%, which is
slightly lower than that indicated by the gauge
observations.

Fig. 4(b) shows that TMPA-V7 matched with the
ground gauge observations as compared to TMPA-RT
for the high precipitation intensity range of more than
45 mm day�1, while both the two products underestimate.
All the three satellite products slightly underestimated
gauged observed precipitation, mainly associated with
intense rainfall (>30 mm day�1) (Fig. 4(b)). The TMPA-
RT coincides relatively well with the gauge observations
in relation to the probability of exceedance of different
precipitation intensity classes. TMPA-V7, CMORPH
estimates and gauge observations detect almost the same
frequency of rain events for thresholds from 16 mm to
26 mm. Overall, TMPA-RT shows lower occurrence fre-
quency in comparison to the reference gauge observations,
especially at high threshold intensities (45–60 mm/day)
(Fig. 4(b)). These findings are similar to studies conducted
in other regions with similar conditions where TMPA-RT
has a susceptibility to overestimate lower precipitation
rates and missing higher ones (Islam et al., 2010; Tahir
et al., 2011; Yong et al., 2010).

4.2. Monsoon and pre-monsoon comparisons

The monsoon precipitation that starts from July and
lasts until September varies from low rainfall (100 mm) in
the south (24–28 N), higher (>700 mm) in the northeast
(29–33 N), and again low (<100 mm) in the far north
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Fig. 3. Statistical summary of the comparison of gauge station based daily precipitation estimates between TMPA-V7, TMPA-RT and CMORPH for
2005–2010 time period.
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Fig. 5. Monsoon climatology over Pakistan. Data sources. Pakistan Meteorological Department.
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Fig. 6. Statistical comparison of gauge station based daily precipitation estimates between TMPA-V7, TMPA-RT and CMORPH for 2005–2010
monsoon season (JAS).
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Fig. 7. Same as Fig. 6, but for 2005–2010 pre-monsoon season (AMJ).

678 S.I. Khan et al. / Advances in Space Research 54 (2014) 670–684



S.I. Khan et al. / Advances in Space Research 54 (2014) 670–684 679
(34–36 N) (Fig. 5). The rainfall during the monsoon season
accounts for 50–70% of the total annual rainfall as it inten-
sifies during July and August.

During the monsoon season TMPA-V7, TMPA-RT and
CMORPH performed relatively well from 30 N to 34 N in
the wettest region but relatively poor from 24 N to 31 N
due to overestimation in the drier regions where the
mean annual precipitation is generally less than 200 mm
(Fig. 6) TMPA-V7 performed better than TMPA-RT and
CMORPH with an improved correlation and reduced bias
ratio and error statistics in the intense monsoon region
(32–35 N), (Fig. 6(a–e). Interestingly, all satellite precipita-
tion estimates had a tendency to overestimate particularly
at the higher latitude region (34–36 N) as well as at lower
latitudes (24–29 N) (Fig. 6(b)). The reader is reminded that
precipitation during the monsoon season is still low in the
foothills of the Hindu Kush-Himalayas as well as the
coastal region in the south in comparison to the intense
monsoon region (Fig. 5). The effect of topography is dis-
cussed in detail in the next section.

TMPA- RT and CMORPH overestimated rainfall
during the “pre monsoon” months of April, May and June
when the rainfall is not intense as during the monsoon
Fig. 8. Spatial comparison of gauge precipitatio
season (Fig. 7(a–e)). Overall, TMPA-V7 gave the best
results while CMORPH had the highest bias over the
mid-latitude region and TMPA-RT had the highest bias
over the high-elevation regions. These findings coincide
with prior studies in similar topographic settings (Chiu
et al., 2006; Houze et al., 2011; Li et al., 2009; Yong
et al., 2010) that cautioned against uncertainties in
TRMM-derived precipitation. Nonetheless, our compari-
sons show a good correspondence with all satellite-based
estimates to rain gauge amounts over the most intense pre-
cipitation zone during the monsoon season (Fig. 6(b))

4.3. Comparison as a function of latitude

Reliable estimation of rainfall distribution in mountain-
ous regions is a challenge due to high precipitation variabil-
ity from orographic enhancement and possibly due to
terrain-induced errors on remote-sensing retrievals. Houze
et al. (2007), Medina et al. (2010) and Romatschke et al.
(2010)) explained the relationship of the South Asian
monsoon with the unique terrain of the region. Pakistan’s
topography in the north poses a challenge to observe
precipitation due to the complex terrain and climatological
n over upper, plain and lower Indus basin.
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conditions of the region. Therefore, we compared the three
satellite products with the gauge data at different topo-
graphical regions including the upper Indus, Indus plain,
and lower Indus of Pakistan. It has been found that precip-
itation climatology over the Karakorum and western Hima-
layas is not influenced by monsoon regime, rather the
westerly circulations that bring the highest precipitation
during winter in the form of snow (Tahir et al., 2011).

All the satellite precipitation products showed elevation-
dependent biases that are characterized by overestimation
at highest as well as the lowest altitude regions (Fig. 3).
The overestimation by the three satellite products, particu-
larly TMPA-RT and CMORPH during monsoon and
pre-monsoon depends on the topography of the region.
Although the satellite estimates were well correlated with
the gauge observations, they tended to overestimate light
precipitation at both high and low elevation regions during
the monsoon season (Fig. 6(a) and (b)). Daily precipitation
comparisons showed better correlation (Fig. 6(a)) for
gauges within the elevation range of 500–1000 m with a
significantly reduced bias ratio (Fig. 6(b)) and error statis-
tics (Fig. 3(c–e)). Statistical indices of the three satellite
datasets seemed to associate with the geo-topographic dis-
tribution of the gauge stations as well as the precipitation
amount. For example, worse statistics are generally for
Fig. 9. Spatial comparison of TMPA-V7 (red), TMPA-RT (blue) and CMORP
in this figure legend, the reader is referred to the web version of this article.)
gauge stations located to the far north at higher elevation
and far south, with both regions receiving relatively less
rainfall throughout the year (Fig. 5). Better performance
was observed to the northeast region that receives high
intensity of rainfall during monsoon season (Fig. 6).

The overestimation TMPA-RT, TMPA-V7 and
CMORPH with light rainfall intensities in the mountain-
ous northern areas and southern coastal region is notable
and consistent for daily and seasonal (monsoon and
pre-monsoon) comparison. These findings are similar with
other satellite precipitation evaluation studies over the
Rocky Mountains and the Sierra Nevada (Gottschalck
et al., 2005), the Appalachian Mountains, Tibetan Plateau
(Yin et al., 2008), Himalayas (Barros et al., 2000), and a
global evaluation of TRMM (Gopalan et al., 2010). More-
over, these spatial features and error statistics from this
study are consistent with some of the recent evaluations
(Tahir et al., 2011; Webster et al., 2011) over the Indus
basin that showed that TMPA tends to overestimate
precipitation rates in the northwestern hilly tracts and
southern coastal areas.

The comparison of the multi-sensor products to gauge
observations during the monsoon at higher elevation shows
a high positive bias. The overestimation can be attributed
to the microwave data that might be seriously affected by
H (green) with gauge (black). (For interpretation of the references to color



Table 2
Statistical comparison of the daily gauge precipitation with TMPA-V7 and TMPA-RT and CMORPH precipitation estimates for 2010 monsoon season (JAS).

Station Elevation Lat. Long. TMPA-V7 vs. Gauge TMPA-RT vs. Gauge CMORPH vs. Gauge

CC RMSE ME MAE % Bias CC RMSE ME MAE % Bias CC RMSE ME MAE % Bias

1 Karachi 22 24.89 67.05 0.8 9.2 0.04 3.0 1.4 0.7 15.1 1.54 4.3 51 0.7 8.0 1.23 2.2 41
2 Jiwani 56 25.04 61.74 0.6 15.2 0.01 0.2 23 0.5 16.9 0.01 0.3 48 0.5 17.0 0.04 7.7 63
3 Pasni 9 25.26 63.46 0.6 24.5 0.26 3.2 8 0.6 22.2 1.13 10.8 37 0.4 21.2 0.88 9.6 29
4 Hyderabad 28 25.38 68.36 0.6 18.8 1.23 9.8 85 0.5 25.8 2.77 12.5 191 0.6 20.3 2.26 9.7 156
5 Lasbella 87 25.83 66.58 0.3 21.5 1.90 8.9 182 0.4 21.5 3.73 11.0 358 0.4 20.0 2.36 9.9 227
6 Nawabshah 37 26.15 68.22 0.7 18.2 -1.19 11.0 -13 0.7 14.1 -3.45 9.5 -38 0.6 25.6 -1.35 11.6 -15
7 Rohri 60 27.69 68.85 0.4 3.8 0.59 1.4 81 0.5 11.2 0.79 3.8 108 0.5 14.7 2.03 4.7 279
8 Jacobabad 55 28.27 68.45 0.4 21.0 -1.28 7.8 -43 0.6 19.5 -1.27 7.6 -43 0.5 20.2 0.03 8.2 1.1
9 Kalat 370 29.02 66.58 0.0 1.2 0.26 0.0 79 0.1 15.2 0.20 0.2 66 0.2 15.7 0.88 6.3 29
10 Barkhan 1372 29.89 69.52 0.5 8.9 -0.86 3.9 -23 0.5 8.9 -0.19 4.0 -5 0.6 16.1 0.60 5.4 16
11 Multan 121 30.19 71.46 0.8 6.9 0.43 2.8 17 0.8 21.8 1.49 8.5 59 0.9 22.5 1.49 9.1 59
12 Lahore 214 31.54 74.34 0.7 20.2 -0.45 9.3 -8 0.6 20.1 -1.08 10.4 -20 0.6 19.1 -0.92 11.1 -17
13 Sialkot 255 32.50 74.53 0.3 11.3 0.04 11.8 29 0.3 24.0 0.02 8.2 13 0.3 24.9 0.22 11.2 156
14 Jhelum 287 32.93 73.72 0.4 16.9 0.90 7.6 16 0.5 19.3 -1.15 8.0 -20 0.5 21.3 -0.89 8.9 -16
15 Kotli 614 33.52 73.90 0.4 18.1 0.78 10.0 11 0.4 17.3 0.32 9.5 5 0.4 11.2 -0.49 5.8 -7
16 Islamabad 508 33.66 73.06 0.6 19.4 -0.83 7.8 -11 0.5 16.2 -1.86 9.1 -24 0.5 20.5 -0.83 11.2 -11
17 Cherat 1250 33.82 71.88 0.8 18.2 -1.66 5.2 -24 0.6 24.6 -3.37 5.0 -48 0.6 33.4 -2.07 9.0 -29
18 Murree 1900 33.91 73.39 0.7 22.5 -2.03 9.4 -21 0.7 17.3 -2.43 8.1 -25 0.5 12.2 -2.01 5.9 -20
19 Garidopatta 813 34.13 73.37 0.7 18.0 -1.54 8.2 -16 0.7 16.0 -3.79 6.0 -40 0.7 9.2 -1.69 3.9 -18
20 Muzaffarabad 838 34.22 73.29 0.7 22.5 -2.03 7.7 -21 0.7 17.3 -2.43 5.5 -25 0.5 12.2 -2.01 5.9 -20
21 Balakot 995 34.55 73.35 0.8 11.0 0.46 5.1 7 0.7 10.3 -1.93 4.8 -31 0.8 11.3 -0.96 7.7 -15
22 Astore 2168 35.35 74.86 0.6 7.4 1.51 2.3 119 0.6 5.6 0.79 2.1 62 0.2 3.7 0.66 2.3 52
23 Drosh 1463 35.55 71.79 0.9 10.2 4.19 3.2 105 1.0 2.3 0.25 1.2 4 0.9 8.1 0.90 3.3 43
24 Chitral 1497 35.83 71.78 0.9 11.4 2.37 1.6 175 0.9 2.4 0.20 2.1 15 0.9 5.2 0.78 2.4 58
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the ice particles in the air and snow cover over land; Yong
et al. (2012) describes the overestimation at higher
elevation as misclassification of cold surface and ice
covered mountaintops as rain clouds by passive MW
sensors. Therefore rainfall retrieval algorithms that use
information from a combination of IR, passive MW, and
active MW sensors are subject to all of these error sources
in mountainous regions (Yong et al., 2010). As a result, the
satellite estimates suffer serious bias over the higher
altitudes.

In terms of error statistics, all three products show an
RMSE ranging from 2–20 mm/day. Of the three datasets,
TMPA-V7 exhibits the lowest RMSE and MAE over most
regions, which is also consistent with the bias pattern for
monsoon season (Fig. 6) and pre-monsoon season
(Fig. 7). CMORPH does not present similar advantages
in RMSE, with larger RMSE than TMPA-RT over several
topographic regions.

4.4. Comparison for the 2010 flood case

The monsoon weather system that developed on 24 July,
2010 in the Bay of Bengal, penetrated westward reaching
Pakistan on 27 July, which produced extreme rainfall over
the northwestern region. The unusual intense precipitation
leading to the floods in August 2010 began with a series of
intense downpours at the end of July through early August
(Fig. 8). The downpour from 28–30 July amounted to more
than 300 mm of rainfall in the northwest Pakistan at a sin-
gle gauge station (Fig. 9), which led to the devastating
floods. We evaluated the spatial and temporal patterns of
the biases of intense rainfall estimates based on the three
satellite products over the study area during the 2010
intense monsoon event. It can be seen that the rainfall
was unusually high and deviated strongly from the normal
monsoon pattern, with high intensity into the northern part
(35–37 N) (Fig. 8).

A station-based comparison of the TMPA-V7, TMPA-
RT and CMORPH datasets illustrates considerable simi-
larities and differences in the precipitation estimates during
the third precipitation spell of July 2010 that occurred over
the monsoon region (32–35 N). Several statistical and
graphical techniques are applied to illustrate the noncon-
formity of satellite estimates from the gauge observations.
Error statistics calculated from the daily rainfall during
the 2010 monsoon season are tabulated in Table 2. Inter-
estingly, for this intense rainfall event, all the products
performed well and the best performance was again seen
over the northern part (monsoon) region where most
rainfall occurred (Fig. 9). TMPA-RT, TMPA-V7 and
CMORPH exhibit better performance for the monsoon
region (32–35 N) with high correlation coefficients and
low error statistics (Table 2). Analysis of the error charac-
teristics directed that, overall, the three satellite products
have a tendency to underestimate on storm scale. During
that particular event, satellite precipitation estimates are
marked by underestimation that was typically within
25%, 50% and 30% for TMPA-RT, TMPA-V7 and
CMORPH, respectively.

Similarly, during late July 2010, the satellite algorithms
have distinct regional patterns with the error statistics and
biases for the largest rainstorm. In the southern coast and
northern mountainous terrain the three products showed a
high correlation with gauge precipitation but also overesti-
mate the observed values (Table 2). TMPA-V7 shows very
good agreement with high to moderate correlation values
(CC = 0.8–0.5) respectively and low systematic bias (Bias
±25%). Meanwhile, both TMPA-RT and TMPA-V7
estimates and CMORPH products captures the temporal
evolution and fluctuations of gauge network observations
reasonably well throughout the 2010 monsoon (Fig. 9).
All three products show positive biases for daily rain rates
over the lower latitudes at elevations lower than 100 m.
The same trend was seen for the high altitude region at ele-
vations higher than 1000 m (Table 2).

5. Summary and conclusions

The presented study focused on the performance of
three high-resolution satellite rainfall products TMPA-
V7, TMPA-RT and CMORPH over Pakistan with diverse
topographical features. The inter-comparison and valida-
tion of these satellite products is performed both quantita-
tively and qualitatively. Several statistical validations are
shown for quantitative analysis, whereas the qualitative
analysis provides information about the performance of
the satellite products relative to the rainfall rate and
ground elevation. Moreover, the topographical and
monsoonal influences on the performance of the satellite
products over different climatological regions in Pakistan
are also investigated. Our method consists of inter compar-
ison of satellite rainfall estimates and daily rain gauge data
during the northeast monsoon and pre-monsoon seasons
for 6 years from 2005 to 2010. In addition, a quantitative
assessment of the 2010 flooding event as a function of
elevation is discussed. The main findings of this study are
summarized below:

1. For the overall compassion that used all the 24 selected
rain gauge stations through the country for the study
period from 2005–2010, TRMM-v7 and CMORPH,
tended to slightly overestimate rainfall Relative to
TMPA-RT. For the comparison at different latitudes,
the three satellite products showed a significant positive
bias in comparison to surface gauge observations and
the accuracy was influenced by the diverse topography
of the area. For example, there are large biases (100%)
at lower latitudes and southern coastal areas. and
TMPA-RT. similar overestimates over high latitudes
(35N) in complex terrain.

2. In terms of capturing different precipitation intensities,
TMPA-V7 had better agreement with gauge observa-
tions than TMPA-RT for the high precipitation
intensity range (45–60 mm/day). TMPA-V7 performed
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better at for the entire time series (2005–2010) as well as
monsoon and pre-monsoon seasons. High relative
uncertainties in terms of error statistics persisted over
lower latitudes for the daily, monsoon as well as the
pre-monsoon seasons.

3. All satellite algorithms slightly underestimated rainfall in
the monsoon region. They indicated a negative bias of
approximately 25% for the monsoon region, while both
TMPA products grossly overestimated in the far north
mountainous region and low coastal areas to the south.

4. All satellite estimates showed larger correlations when
the comparison was conducted for the monsoon season
and 2010 flooding event. Correlations improved from
0.5 for entire time period (2005–2010) to 0.7 for the
2010 monsoon season for the three estimates. During
the pre-monsoon season, TMPA-V7 slightly underesti-
mated the rainfall amounts, especially along the mon-
soon center and over higher elevations, but its overall
performance was less variable spatially and temporarily
than CMORPH. For the 2010 monsoon season, TMPA-
V7 performed the best over the monsoon center with a
bias of �20% showing slight underestimation of station
precipitation.

Synthesis of these results supports the conclusion that
current satellite-based precipitation products are reliable
over the monsoon region areas such as over the Indus
plains. It is noteworthy that we found several shortcomings
of the satellite rainfall estimates, but these errors were
mainly confined to regions and times where the rainfall
intensity is relatively light. Fortunately, the remote-sensing
retrievals seemed to have the best performance during the
intense phases of the monsoon when they are needed most.
From this study we can conclude that satellite-derived pre-
cipitation products, such as TMPA can be used as input
forcing variable into hydrological models to derive river
runoff estimates. This is especially true for applications
during the summer monsoon season over the Indus basin,
where in situ precipitation gauge networks are sparse.
The future strategy will be utilize these unconventional
satellite precipitation products, within a hydrologic model-
ing framework for runoff simulations for flood monitoring
and water resource management.
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