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The present study aims to develop a retrieval algo-
rithm for total precipitable water (TPW) over the 
ocean using Indian geostationary satellite INSAT-3D 
observations. The algorithm computes TPW as the 
sum of two broad layers using thermal infrared obser-
vations of the Imager for clear sky and upper tropo-
spheric humidity (UTH) products. First, the 
differential absorption of the atmospheric water vapour 
in split-window channels is exploited to estimate  
atmospheric water vapour concentration from surface 
to mid-troposphere. Secondly, the contribution from 
UTH products available from the INSAT-3D Imager 
is added to estimate TPW. The algorithm performance 
has been assessed by comparing the INSAT-3D-
retrieved TPW with collocated TPW products from 
radiosonde, INSAT-3D Sounder and Moderate Reso-
lution Imaging Spectroradiometer (MODIS) onboard 
Aqua satellite for the year 2018. The standard devia-
tion of the error was found to be around 0.5 cm for 
each of the months.  
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ATMOSPHERIC columnar water vapour, also known as  
total precipitable water (TPW), plays an important role in 
studies related to the earth’s hydrological cycle, weather 
and climate monitoring1,2. Water vapour is also one of the 
most significant greenhouse gases, which absorbs the 
earth’s radiative energy. The study of various important 
atmospheric processes requires the high temporal and 
spatially distributed observations of water vapour. The 
high spatio-temporal resolution TPW, together with in-
formation on atmospheric stability, is an effective indica-
tor of severe weather phenomena in pre-convective 
atmospheric condition, occasionally leading to thunder-
storms3,4. Water vapour, one of the most influential  
constituents of the atmosphere, is responsible for deter-
mining the amount of precipitation that a region can re-
ceive5. The conventional methods, such as radiosondes 
from a selected few weather stations, do not provide suf-
ficient observations. Radiosonde provides observations 
twice a day over selected land-based stations limited to 
major cities, and is expensive to maintain. These observa-

tions are particularly sparse over oceanic regions. Tem-
poral variations in atmospheric water vapour occur rapidly 
and water vapour measurements by radiosondes do not 
satisfy the needs of research for various scales of atmos-
pheric water vapour. In this regard, satellite-based mea-
surements have become a necessity that provide global 
observations with high spatial and temporal resolution. In 
addition, knowledge of TPW in the atmosphere is also 
used for atmospheric correction to improve the accuracy 
of the retrieved surface parameters such as land and sea 
surface temperature from satellite observations6,7. To 
achieve this various retrieval techniques have been pro-
posed to estimate atmospheric water vapour from satel-
lite-based observations having thermal infrared split-
window channels8–10. The split-window logarithm ratio 
(SWLR) algorithm of Chesters et al.11 considered that the 
ratio of brightness temperatures for the split-window 
channels tends to increase with amount of the TPW. They 
assumed a single atmospheric layer between 1000 and 
600 hPa, and derived the ratio of brightness temperatures 
in terms of TPW.  
 India successfully launched its first advanced meteoro-
logical satellite, INSAT-3D, in July 2013 in the geosta-
tionary orbit at 82°E. Meteorological payloads on-board 
INSAT-3D are: a six-channel Imager and a 19-channel 
Sounder mainly for atmospheric profiles of temperature 
and moisture, cyclone and weather monitoring, cloud  
motion vectors (CMV), rainfall estimation, snow-cover 
detection, mesoscale studies, etc. The INSAT-3D Imager 
has a split-window (TIR1 and TIR2), mid-infrared (IR) 
(MIR) window, and shortwave IR (SWIR), water vapour 
(WV) absorption and visible channels. Table 1 provides 
details of the INSAT-3D Imager channels. The spectral 
response functions (SRFs) of TIR1/2, MIR and WV 
bands of INSAT-3D are shown in the Figure 1 along with 
a sample brightness temperature spectra of the infrared 
atmospheric sounding interferometer (IASI) for a stan-
dard tropical atmosphere.  
 Currently, the Sounder on-board INSAT-3D provides 
TPW information computed from the vertical moisture 
profile estimates, but the temporal resolution is 1 h for a 
smaller observation region of Indian land mass and the 
nearby oceanic region. In contrast, the Imager is capable 
 
 

Table 1. Characteristics of the INSAT-3D Imager channels 

Band#  
(name)  

Wavelength  
(μm) 

Resolution  
(km) 

 
SNR or NEDT 

1 (VIS)  0.52–0.72  1 150 : 1  
2 (SWIR)  1.55–1.70  1 150 : 1  
3 (MIR)  3.80–4.00  4 0.27 K @300 K 
4 (WV)  6.50–7.00  8 0.18 K @230 K 
5 (TIR1)  10.3–11.2  4 0.10 K @300 K 
6 (TIR2)  11.5–12.5  4 0.25 K @300 K 

SNR, Signal-to-noise-ratio; NEDT, Noise equivalent differential tem-
perature. 



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 119, NO. 2, 25 JULY 2020 383

of providing observations over a full-disk area every 
30 min interval and at a spatial resolution of 4–8 km, far 
superior compared to the Sounder. The Imager also has a 
visible channel at spatial resolution of 1 km, thereby 
helping in detecting fractional cloud cover within a 
TIR1/2 pixel during day time, leading to an improved 
clear-sky retrieval of TPW.  
 The present study describes the development of a re-
trieval algorithm for TPW estimation from thermal infra-
red split-window observations and UTH products of the 
INSAT-3D Imager. 
 The INSAT-3D Imager observations of brightness 
temperature in TIR1 and TIR2 channels and operational 
UTH products have been obtained from the Meteorologi-
cal and Oceanographic Satellite Data and Archival Centre 
(MOSDAC) (https://www.mosdac.gov.in), Space Appli-
cations Centre (ISRO) for the period January–October 
2018. The brightness temperatures of INSAT-3D are reg-
ularly inter-calibrated with respect to IASI measurements 
using Global Space-based Inter-Calibration System 
(GSICS) procedures. The UTH product is derived from 
the water vapour channel observations of the Imager12.  
 The retrieved TPW products have been validated with 
a few radiosonde (RS)-derived TPW available from near-
by islands. Additionally, TPW product from Moderate 
Resolution Imaging Spectroradiometer (MODIS) on-
board Aqua satellite and INSAT-3D Sounder have also 
been acquired for extensive quality assessment of the re-
trieved TPW from INSAT-3D Imager.  
 Since cloud absorbs most of the radiation in the IR 
band emitted from the earth’s surface, the retrieval of 
TPW has been performed only for cloud-free regions. In 
order to detect the cloudy pixels and exclude them from 
further analysis, the operational cloud mask product of 
INSAT-3D Imager has been used12.  
 It is well known that the water vapour densities are 
maximum at the lower troposphere, exponentially  
decreasing to the upper tropospheric layers. Therefore, 
generally most of the water vapour is found in the lower 
and mid-tropospheric layers of the atmosphere. Although 
the split-window-based algorithms estimate most of the  
 
 

 
 
Figure 1. Spectral response functions (SRFs) of infrared channels of 
INSAT-3D Imager superimposed on IASI brightness temperature (Tb) 
spectra. 

atmospheric water vapour, they do not fully account for 
the upper tropospheric contribution in TPW. Therefore, in 
order to obtain the integrated water vapour in the atmo-
spheric column, we propose an algorithm to estimate 
TPW by combining both the contributions; from the  
upper troposphere together with the lower to middle tro-
posphere. The lower to middle tropospheric contribution 
(PW1) is estimated using split-window observations, 
while the upper troposphere contribution (PW2) is derived 
from the upper tropospheric humidity products. Finally, 
TPW can be derived using following expression  
 TPW = PW1 + PW2. (1)  
 
PW1 is estimated as described below. The split window 
is designed to exploit the differential absorptions in ther-
mal infrared channels at 11 and 12 μm due to the pres-
ence of water vapour in the atmosphere13. Chesters et 
al.10 suggested the following expression to estimate TPW 
using split-window observations 
 

 11 air

12 air

BT1 1TPW ln ,
sec BT

T
T

κ
α θ
⎡ ⎤⎛ ⎞−

= − Δ⎢ ⎥⎜ ⎟Δ −⎢ ⎥⎝ ⎠⎣ ⎦
 (2)  

 
where BT11 and BT12 are the brightness temperatures cor-
responding to TIR1 and TIR2 channels respectively; Tair 
is the effective atmospheric temperature of the layer from 
the surface to middle troposphere (~600 hPa) and Δα and 
Δκ are the absorption coefficients. Chesters et al.10  
assumed a single atmospheric layer up to 600 hPa to 
compute TPW, excluding the upper tropospheric contri-
bution. Hence, eq. (2) may be considered as a primary 
contributor (PW1) of eq. (1) in estimating TPW.  
 Equation (2) is nonlinear but has a well-behaved rela-
tionship between the split-window and PW1, scaled by 
the three atmospheric parameters, viz. Δκ, Δα and Tair. 
These three parameters can be determined by applying a 
numerical least-square minimization procedure with res-
pect to a set of ‘ground truth’ PW1 values embedded in a 
region.  
 Equation (2) has three unknown parameters, viz. Δκ, 
Δα and Tair that are required in addition to the INSAT-3D 
Imager observations for estimating PW1. These parame-
ters are computed using statistical regression technique. 
Equation (2) can be rewritten as 
 

 11

12

BT1PW1 ln ,
sec( ) BT

T
a b

Tθ
⎛ ⎞⎡ ⎤−

= + ⎜ ⎟⎢ ⎥⎜ ⎟−⎣ ⎦⎝ ⎠
 (3)  

 
where a = –(Δκ/Δα), b = (1/Δα) and air .T T=  
 The algorithm parameters such as a, b, and T  can be 
determined by least-square fit method using PW1 and 
corresponding brightness temperatures of the split-window 
channels, simulated from radiative transfer model11.  
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 For simulation of the INSAT-3D Imager channel 
brightness temperatures, Radiative Transfer for Televi-
sion Infrared Observation Satellite (TIROS) Operational 
Vertical Sounder (RTTOV)-v11 radiative transfer model 
has been used. RTTOV-v11 is a fast radiative transfer 
model originally developed at the European Centre for 
Medium range Weather Forecast (ECMWF) in the early 
1990s for Television Infrared Operational Satellite 
(TIROS) Operational Vertical Sounder (TOVS)14. Subse-
quently, the original code has gone through several de-
velopments15,16, more recently, within the EUMETSAT 
NWP Satellite Application Facility (SAF). The atmos-
pheric profiles and required surface variables have been 
taken from ECMWF diverse datasets17. The simulations 
have been performed for clear atmospheres over the 
oceanic region spanning from 0° to 130°E and 60°S to 
60°N only, corresponding to the full disk-viewing region 
of INSAT-3D and for satellite zenith angle varying from 
0° to 60°.  
 Considering an arbitrary value of T  and using the  
simulated brightness temperatures of INSAT-3D TIR1 
and TIR2 channels, we have applied statistical regression 
on eq. (3) and computed the values of a = 0.49 cm and 
b = 42.44 cm.  
 Now, using the above values of a and b in eq. (3), PW1 
is retrieved using simulated brightness temperatures for 
different values of T  and then compared with the actual 
PW1. The best estimated value of PW1 gives the opti-
mized value of ,T  which was found to be 260 K (Figure 
2).  
 Therefore, the optimized values of the parameters to 
retrieve PW1 from the INSAT-3D Imager observations 
are: a = 0.49 cm, b = 42.44 cm and T = 260 K. 
 A simulation-based sensitivity study was carried out 
for noise in brightness temperature observations in TIR1 
and TIR2 channels to analyse the errors in the retrieved 
PW1. The simulations have been performed with RTTOV 
radiative transfer model using atmospheric profiles from 
ECMWF diverse training dataset for INSAT-3D Imager 
channels. Figure 3 shows the impact of noise in both the 
channels on the retrieved PW1. It can be clearly seen that 
if both the channels have larger noise, the error in the re-
trieved PW1 increases significantly. For the INSAT-3D 
noise values given Table 1, the theoretical error in PW1 
estimation is found to be 0.63 cm.  
 PW2 is computed using INSAT-3D-derived UTH 
products. UTH is a measure of the weighted mean rela-
tive humidity according to the weighting function of  
the water vapour channel18. Therefore, UTH from the 
INSAT-3D Imager is a representative of the relative humi-
dity around the atmospheric layer from 600 to 300 hPa, 
because the weighting function of its water vapour chan-
nel peaks around 450 hPa. Relative humidity of this layer 
is converted into specific humidity using atmospheric 
temperature values from 600 to 100 hPa, taken from 
Global Forecast Systems (GFS) forecast fields. Further, 

by integrating the specific humidity values, the precipita-
ble water corresponding to UTH, i.e. PW2 is estimated.  
 To evaluate its performance, the developed retrieval 
algorithm has been applied on 10 months’ (January–
October 2018) data of split-window observations as well 
as UTH products of the INSAT-3D Imager to retrieve 
TPW. The retrieved TPW has been compared with the 
collocated TPW products available from RS measure-
ments, MODIS and the INSAT-3D Sounder. Moreover, 
the microwave sensor-derived TPW has coarser spatial 
resolution (~25 km) compared to the INSAT-3D TPW. 
Therefore, we did not compare with microwave TPW. To 
quantify the retrieval errors, the standard statistical para-
meters, viz. mean (bias) and standard deviation of the dif-
ferences (Std) were computed.  
 As the developed retrieval algorithm provides TPW 
over the oceans only, very few RS measurements (four 
stations) could be acquired on neighbouring islands.  
 
 

 
 

Figure 2. Computation of .T  
 
 

 
 

Figure 3. Noise sensitivity of retrieval error. 
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Figure 4. Scatter plots of INSAT-3D TPW versus RAOB TPW for January–October 2018 at locations. a, 73.15E, 8.3N; b, 107.72E, 20.13N;  
c, 108.38E, 3.95N; d, 112.33E, 16.83N. 

 
 
Therefore, validation was performed with four radiosonde 
observations measured at (73.15E, 8.30N), (107.72E, 
20.13N), (108.38E, 3.95N) and (112.33E, 16.83N). The 
RS observations were acquired from upper air sounding 
portal of the University of Wyoming, USA (www. 
weather.uwyo.edu/sounding.html). The closest INSAT-
3D TPW pixel found within 10 km radius centred around 
each RS location and time difference of 30 min was con-
sidered as a collocation criterion. Figure 4 a–d shows the 
scatter plots for each RS location for the entire period. 
The corresponding statistical parameters are also shown 
in the figure.  
 To examine the spatial and seasonal variations in the 
retrieved INSAT-3D TPW products, the collocated TPW 
products from Aqua-MODIS were used (http://ladsweb. 
modaps.eosdis.nasa.gov). The MODIS TPW products 
generated from infrared algorithm (MYD07) were used 
for comparison because of their day–night availability19. 
The other MODIS TPW products from near-infrared  
algorithm (MYD05) are available only during daytime. In 
addition, the spatial resolution (5 km × 5 km) of the 

MYD07 products is closer to the INSAT-3D-derived 
products (8 km × 8 km) compared to the MYD05 pro-
ducts (1 km × 1 km).  
 The spatial distributions of TPW are shown in Figure 
5 a–l for January, April, July and October, to depict sea-
sonal variations. The spatial distribution of MYD07 
products are also shown for qualitative comparison.  
 The spatial resolution of 0.05° and temporal resolution 
of ±15 min are considered as a collocation criterion for 
computing the comparison statistics between both prod-
ucts.  
 From Figure 5, it can be observed that both retrieved 
TPW and MYD07 TPW show similar spatial distribution. 
The high concentration of TPW along the equatorial 
ocean demonstrates the ability of this algorithm to cap-
ture the actual distribution of TPW. The shift in the high 
concentration region towards north from January to July 
shows the seasonal changes that occur in TPW.  
 Figures 5 d–i shows an increase in TPW values over 
the Arabian Sea during April to July. This enhancement, 
in general, make the conditions favourable for the onset 
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Figure 5. Spatial distribution of TPW for January 2018: a, INSAT-3D; b, MODIS; c, INSAT-3D – MODIS, April; d, INSAT-3D; e, MODIS;  
f, INSAT-3D – MODIS, July; g, INSAT-3D; h, MODIS; i, INSAT-3D – MODIS, October; j, INSAT-3D; k, MODIS; l, INSAT-3D – MODIS. 

 
 
of the Indian summer monsoon. Simon et al.20 monitored 
monsoon onset over the Kerala coast using TPW from 
Tropical Rainfall Measuring Mission (TRMM) Micro-
wave Imager (TMI). They further showed that water  
vapour over the western Arabian Sea region is an impor-
tant parameter that provides us with a lead time of two 
and half weeks for predicting monsoon onset over Kerala.  
 Moreover, Figure 5 also show the differences between 
INSAT-3D-retrieved TPW and MYD07 TPW products 
along with the spatial plots. The difference plots provide 
the error distribution in the retrieved TPW. There are 

very small regions that show higher differences, i.e. more 
than 0.5 cm, indicating overall good performance of the 
present retrieval algorithm.  
 To quantify the retrieval errors, bias and Std have been 
computed at monthly scales. Figure 6 provides the 
monthly statistics computed in TPW with respect to 
MYD07 products along with density scatter plots. Figure 
6 a–d shows a comparison of TPW versus MYD07 TPW 
for four months, viz. January, April, July and October 
2018, representing different seasons, viz. winter, summer, 
monsoon and spring respectively.  
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Figure 6. Density scatter plot of INSAT-3D versus MODIS for 2018: a, January; b, April; c, July; d, October. 
 

 
 

Figure 7. Typical INSAT-3D Sounder TPW products for (a) SA1 and (b) SA2 regions. 
 
 The INSAT-3D Sounder provides TPW every hour 
primarily over the Indian landmass (sector SA1) and  
every 6 h over the Indian Oceanic region (sector SA2, 
Figure 7). TPW has been estimated by integrating the re-
trieved moisture profiles from sounder observations in 
thermal infrared channels12. The quality assessment of 
sounder TPW products was performed by Parihar et al.21, 
and Rao et al.22. The former group found root mean 
square error of 0.8 cm when compared with RS observa-

tions on daily and monthly scales21. The latter group 
compared the Atmospheric Infrared Sounder (AIRS) 
TPW and Global Navigational Satellite System (GNSS)-
observed TPW, and reported performance degradation 
during June to August over coastal regions of the Arabian 
Sea and Bay of Bengal22.  
 As the INSAT-3D Sounder provides hourly TPW over 
land and every six hourly over the ocean, we have per-
formed the retrieval over oceanic regions only. For 
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Figure 8. Density scatter plots of INSAT-3D Imager and Sounder TPW on a monthly scale for 2018: a, January; b, April; c, July; d, October. 
 
 

 
 

Figure 9. Time series of daily bias and standard (Std) deviation of the differences between INSAT-3D Imager and Sounder 
TPW for January–October 2018. 

 
 
collocating these two products, spatial resolution of 0.1° 
and temporal resolution of ±15 min was used.  
 The density scatter plots were generated on monthly 
scales to characterize the distribution in different bins of 
TPW (Figure 8). The monthly biases and standard devia-
tion of differences are also provided in the figure. A Std 
of ~0.5 cm is observed in all months with slight underes-
timation in TPW, except in October.  

 Figure 9 shows the comparison statistics generated on 
daily scale for the entire period of validation. The daily 
Std is less than 0.6 cm, except for a few weeks during 
monsoon season. The slightly large error in the monsoon 
season can be attributed to cloud cover persistence over 
most of the Indian region. So the cloud contamination of 
the observation is greater in the monsoon season. Another 
reason may be the degraded performance of the  
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Sounder TPW in the monsoon season, as reported by Rao 
et al.22.  
 The present study focuses on the development of an  
algorithm for estimating TPW from thermal infrared  
observations in split-window and UTH products of the 
INSAT-3D Imager from clear sky over the ocean. The  
algorithm performance was evaluated on the INSAT-3D 
Imager observations for the year 2018. The spatial as well 
as seasonal variability of TPW has been demonstrated for  
robustness of the algorithm. The quality of the retrieved 
TPW was evaluated through validation against RS obser-
vations, which showed an error of ~0.6 cm at all four 
study locations. The quality assessment with MODIS and 
INSAT-3D sounder TPW products showed an error of 
0.5 cm throughout the study period.  
 Detailed analysis of the estimated TPW from INSAT-
3D can provide insights to understand the various atmos-
pheric processes. For example, prediction of the onset of 
the Indian summer monsoon over Kerala coast. The time-
series analysis of TPW can give information about the 
convective systems developing in the atmosphere. Fur-
ther, the concentration of TPW provides the important 
atmospheric correction necessary for estimation of accu-
rate surface parameters, e.g. land and sea surface temper-
atures from satellite observations. The TPW information 
is also a important input for atmospheric correction in the 
visible and SWIR channels of the INSAT-3D Imager that 
is used for estimation of surface albedo, aerosol optical 
depth, and other land/ocean surface parameters involving 
the use of these optical channels. The TPW product from 
the INSAT-3D Imager will provide higher spatial and 
temporal observations as well as a larger region of obser-
vations (full-disk coverage in the Imager versus limited 
smaller area from the Sounder). This algorithm has also 
been extended to the INSAT-3DR Imager observations, 
which will enable observation of TPW from the Imager at 
every 15 min interval.  
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