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Abstract (Article Summary)

The Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) with the capability of 
measuring sea surface temperature (SST) in the presence of clouds, has been providing an 
unprecedented view of tropical basin-scale SST variability. In this paper, an assessment of the 
accuracy of the SST derived from TMI over the Bay of Bengal using in situ data collected from 
moored buoys and research ships, is presented. The authors find that TMI captures the evolution 
of the SST of the bay on seasonal time scales with reasonable accuracy. The mean difference 
between the SST from TMI and buoys is less than 0.1°C, and the rms difference is about 0.6°C. 
The time scales of the intraseasonal variation of the TMI SST are realistic. However, the amplitude 
of the SST variation on the intraseasonal scale is overestimated by a factor of about 1.3 when 
compared to buoy data. It is observed that the SST derived from TMI tends to be lower during 
periods with deep convection or winds stronger than 10 m s^sup -1^, or both. There is better 
agreement during weak conditions of convection/wind. This leads to a cold bias during 
convectively active periods when running average SST time series are constructed from SSTs 
retrieved from the TMI. [PUBLICATION ABSTRACT] 
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Copyright American Meteorological Society Aug 2004 
[Headnote]
ABSTRACT

The Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) with the capability of 
measuring sea surface temperature (SST) in the presence of clouds, has been providing an 
unprecedented view of tropical basin-scale SST variability. In this paper, an assessment of the accuracy 

Page 1 of 9Article View

10/20/2004http://proquest.umi.com/pqdlink?index=11&sid=1&srchmode=3&vinst=PROD&fmt=3&...



 
1. Introduction 

The Indian summer monsoon is an important phenomenon in the tropical atmosphere. It has been 
recognized for a long time that conditions over the oceans surrounding the Indian subcontinent 
play a major role in the genesis and propagation of the monsoon systems. However, advances in 
understanding how the ocean and the atmosphere interact over the north Indian Ocean on 
intraseasonal time scales during the monsoon are limited by the lack of research quality data in the 
region. Sea surface temperature (SST) is considered to be one of the most important variables for 
deep atmospheric convection over the tropical oceans (Bjerknes 1969; Gadgil et al. 1984; Graham 
and Barnett 1987; Bony et al. 1997a,b, etc.). The Reynolds SST (additional information available 
online at http://www.cdc.noaa.gov) was the main data source available to researchers until 
recently, providing weekly SSTs that could be used for the study of intraseasonal variations. In 
1997 a moored buoy program was started in India by the National Institute of Ocean Technology, 
Chennai, and buoys were deployed in the Bay of Bengal and Arabian Sea (Premkumar et al. 
2000). Figure 1 compares the temporal variations observed in (daily) buoy SST with the Reynolds 
weekly SST for the northern Bay of Bengal for the 1998 monsoon period. It is observed from Fig. 1 
that the Reynolds SST during July-August shows only a mildly decreasing temporal trend. On the 
contrary, the buoy SST shows fluctuations in amplitude from 1.5° to 2°C range on a time scale of 
about 2 weeks, and these fluctuations are closely associated with the changes in the outgoing 
longwave radiation (OLR) and wind (Premkumar et al. 2000). The absolute value of SST is 
important because the relationship between SST and deep convection is highly nonlinear with 
convection increasing rapidly with SST around 28.5°C (e.g., Waliser et al. 1993; Bhat et al. 1996). 
Therefore, the implications of the variations exhibited by the two SSTs in Fig. 1 are very different 
for deep convection and ocean-atmosphere coupling on intraseasonal time scales. 

While buoys provide in situ observations that help in understanding the intraseasonal oscillations, 
their spatial coverage is limited and vast regions of the ocean remain data void. Further, the 
temporal continuity in buoy data is constrained by the degradation of sensor performance due to 
the corrosive marine conditions, damage to buoys, and pilferage. Satellites make possible 
continuous monitoring of the vast oceanic areas over which the convective systems are generated. 
In recent years there have been improvements in the remote sensing of the earth-atmosphere 
system. Therefore, there is a need to explore if the SSTs derived from satellite observations have 
reached a stage that permit studies of intraseasonal variations in the north Indian Ocean within the 
monsoon season. 

A brief summary of the history of satellite-derived SSTs can be found in Wentz et al. (2000). 
Advanced Very High Resolution Radiometer (AVHRR) sensors flying aboard the National 
Oceanographie and Atmospheric Administration (NOAA) satellites, using measurements in the 
infrared bands, have been providing high spatial resolution SST data for more than two decades. 
One of the main limitations of the AVHRR sensor is that SST retrieval cannot be done when clouds 
are present. During the convective season, clouds are frequently present and, thus, render the 
region data sparse for SST derived from the AVHRR. Microwave sensing overcomes the cloud 
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problem, and microwave radiometers were first operated in 1978 aboard a NOAA satellite. Initially 
this technique suffered from a poor calibration system. Microwave radiometers launched in the 
1980s and 1990s, such as the Special Sensor Microwave Imager (SSM/I), used an improved 
calibration system but lacked the low-frequency channels needed to retrieve SST accurately 
(Wentz et al. 2000). These problems were overcome in the Tropical Rainfall Measuring Mission 
(TRMM) satellite launched in November 1997. The TRMM Microwave Imager (TMI) measures 
electromagnetic radiation emitted by the ocean-atmosphere system at 10.7, 19.4, 21.3, 37, and 85 
GHz (e.g., Halpern et al. 2001, p. 4). The primary frequency for SST retrieval is 10.7 GHz where 
atmospheric attenuation is small with 97% of the sea surface radiation reaching the top of the 
atmosphere. Using 19.4-, 21.3-, and 37-GHz radiances, the algorithm estimates the residual 3% 
attenuation due to oxygen, water vapor, and clouds. Horizontal to vertical polarization ratios of 
radiances are used to estimate the sea surface roughness. The norizontal resolution of the SST 
retrieval is limited by the ratio of the radiation wavelength to the antenna diameter and by the 
satellite altitude. The TMI sensor's SST resolution is about 50 km (Wentz et al. 2000), but data are 
made available at 0.25° × 0.25° resolution (Halpern et al. 2001, p. 4). 

The TMI is the first satellite sensor capable of accurate measurements of SST in the presence of 
clouds. Comparison of TMI SSTs with SSTs measured with buoys and ships has shown good 
agreement in the mean and rms differences of about 0.6°C (Wentz et al. 2000). TMI SST is 
already providing an unprecedented view of tropical basin-scale SST variability during the 
convective season. It has been used to explore air-sea coupling in the Pacific Ocean tropical 
instability wave region (e.g., Chelton et al. 2001; Hashizume et al. 2001), and to explore the 
evolution of Indian Ocean SST on subseasonal time scales (Harrison and Vecchi 2001; Vecchi and 
Harrison 2002). Vecchi and Harrison (2002) studied the subseasonal evolution of the TMI SST in 
the bay during recent southwest monsoons, and found large-amplitude (1°-2°C) basin-scale 
subseasonal variability. 

Thus, TMI SST holds promise for the north Indian Ocean also. TMI estimates the SST by 
measuring radiance emitted from the sea surface, and in situ data from the Pacific and Atlantic 
Oceans have been used to tune the SST retrieval algorithm (Wentz et al. 2000). There are 
important differences between the north Indian Ocean (during the monsoon) and other tropical 
ocean basins. The surface winds are often stronger than 10 m s^sup -1^ over the north Indian 
Ocean when the monsoon is active. Further, in the north Bay of Bengal the surface salinity shows 
a large annual cycle with higher values (~33 psu) during spring and early summer, and lower 
values (-29 psu) during the monsoon and post-monsoon seasons [Bhat et al. (2001) and 
references therein]. These factors could affect the SST retrieved from the satellite measurements 
by influencing the surface emissivity. A study comparing TMI SST with in situ data in the north 
Indian Ocean is missing, and the present work is aimed at filling this gap. 

Here, we present a comparison of the SST derived from the TMI with that measured by moored 
buoys in the bay during 1998-99 and the observations from ships made during the Bay of Bengal 
Monsoon Experiment (BOBMEX) in July-August 1999 (Bhat et al. 2001). We also explore possible 
causes for the difference between buoy and TMI SST with the use of the atmospheric and oceanic 
data collected during BOBMEX. 

2. Data 

The TRMM is a non-sun-synchronous satellite. We utilize the SST derived from measurements 
during the ascending as well as descending passes over the region. In the present study, the TMI 
SST version 3 has been used (data available online at http://www.ssmi.com/). An average over 
four grids surrounding the ship or buoy position is taken in the present study so as to be consistent 
with the TMI sensor resolution. The locations of the two buoys and the ships deployed in the Bay 
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of Bengal are shown in Fig. 2 and the dates on which data are available are given in Table 1. (One 
of the main reasons for the gaps in the buoy data was the pilferage of the buoys, requiring 
deployment of new buoys or a new set of sensors during this period.) In the buoys, SST is 
measured by a platinum resistance thermometer placed at 2.2 m below the surface. Buoy data 
sampling interval is 3 h. SST measured from ships is the bucket SST that corresponds to the water 
temperature at a depth of about 0.50 m. The temperature sensors used on board the ship, ORV 
Sugar Kanya (SK), were calibrated in the laboratory at the Indian Institute of Science in Bangalore, 
using a constant temperature bath and ice water reference point. The sensors installed in the 
buoys have been calibrated in the laboratory at the National Institute of Ocean Technology in 
Chennai. After each buoy deployment, buoy data are compared with those simultaneously 
measured from the ship to ensure that the performance of the sensors on the buoy were not 
altered during deployment. The bucket thermometer used onboard SK was manufactured by T. F. 
and Company, Germany, and that used onboard INS Sagardhwani (SD) was a local make. The 
uncertainty in the bucket SST (Hg in glass thermometer) is 0.25°C and the accuracy of buoy SST 
is 0.1°C. 

3. Comparison of TMI SST with buoy and ship measurements 

a. Comparison of buoy and ship SST 

Intercomparison experiments were carried out at the DS3 location for about 12 h each at the start 
(18-19 July) and toward the end (27 August) of BOBMEX (Bhat et al. 2001). Figure 3a compares 
the SST and wind speed measured from ships and DS3 buoy. It is observed from Fig. 3a that, 
except for one occasion on 27 August, the agreement between SK and buoy SSTs is excellent and 
well within the measurement uncertainties. The SD (bucket) SST tends to be slightly lower, but the 
differences are within the measurement errors. The ship wind speed shown in Fig. 3a was 
measured by a sonic anemometer mounted on an 8-m-long boom at a mean height of 11 m above 
the sea surface and has been corrected for ship motion. On the buoy, a cup anemometer was 
fixed at a height of 3.2 m above the sea surface. (The correction for the measurement height 
difference has not been applied in the winds shown.) It is observed from the lowest panel in Fig. 3a 
that the wind speed measured from the ship and buoy compare well, and the average wind speeds 
were in an 8-12 m s^sup -1^ range during the 27 August intercomparison experiment. Wind 
speeds during the intercomparison experiment on 18-19 July were comparable to those on 27 
August. With high wind speeds and a rough sea state during both intercomparison experiments, 
the top layer of the ocean was well mixed and the difference in the temperature between bucket 
SST level and buoy SST level can be ignored. The good agreement between ship and buoy SSTs 
observed in Fig. 3a gives confidence that the SST data from buoys and ships are accurate to the 
respective uncertainties stated above. 

In Fig. 3b, daily average SSTs from the buoys and ships are shown. In the north bay, the ship and 
buoy were more than 100 km apart, and the two SSTs are shown together to reveal the typical 
spatial variations that were present during 1999 summer monsoon. It is observed from Fig. 3b that 
the differences between two SSTs are less than 0.5°C, and, except on a couple of occasions (the 
atmosphere was convectively active when this happened), the SK and DS4 buoy SSTs show 
similar temporal trends. In the central bay, ship and buoy SSTs confirm the intercomparison 
experiment observations. 

b. Comparison of collocated SSTs 

The scatterplot of buoy SST versus TMI SST for all collocated data during 1998 and 1999 are 
shown in Fig. 4. If the buoy data are available within half an hour from the TRMM satellite pass 
over the grid, then the data are considered collocated here. For the DS4 buoy location, 86 
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collocated data points are available, and the mean difference between buoy SST and TMI SST is 
less than 0.1°C (buoy SST is warmer) and the rms difference is 0.7°C. At the DS3 location, 95 
collocated data are available, and the mean difference between buoy SST and TMI SST is 0.1°C 
(buoy SST is warmer) and the rms difference is 0.5°C. The present values of rms differences are 
comparable to 0.6°C observed between buoy SST and TMI SST over the Pacific Ocean (Wentz et 
al. 2000). 

c. Seasonal and subseasonal SST variations 

The variation of the 7-day running average TMI and buoy SSTs over the central bay during 1998 
are shown in Fig. 5. The warming of the ocean from about 27°C in January to more than 31°C in 
May is seen in the buoy data. June-September is the peak monsoon period, and subseasonal 
oscillations in SST are clearly seen. The TMI SST captures the seasonal SST evolution in good 
agreement with the buoy SST; however, the amplitudes of the variations on subseasonal time 
scales are larger in the TMI SST compared to that of the buoy. The amplitude of SST variation 
measured by the buoy is about 1°0C, while the TMI SST shows variation between 1° and 1.5°C. 
The spectra of the buoy and TMI SSTs for the central bay are shown in Fig. 6. These spectra are 
based on 256 samples of the 7-day running average SST covering the period January-October-
1998. The time period shown in Fig. 6 is limited to 10-64 days to omit the parts of the spectrum 
possibly influenced by the 7-day averaging and the relatively short duration of the time series. 
Prominent peaks around 32-and 42-day periods are seen in both TMI and buoy SSTs. Therefore, 
TMI is able to capture the period of subseasonal (intraseasonal) variations of the monsoon on a 
20-60-day time scale well, but overestimates the amplitude of SST variation by a factor of about 
1.3. Also, we see a slightly larger amplitude of the fluctuations in the TMI SST at shorter time 
scales of 10-20 days. 

4. Discussion 

Considering the complexities involved in retrieving SST from satellite measurements, the good 
agreement between buoy SST and TMI SST with a mean difference of 0.1°C or less is truly 
remarkable. The scatter with rms value of about 0.6°C represents the inherent error in the SST 
retrieval by the TMI algorithm. We explore some factors that could lead to a larger difference than 
this using the detailed measurements made during BOBMEX. 

The TMI SST corresponds to the temperature of the top 1 mm or so of the water, whereas the 
buoy SST is measured at 2.2 m below the surface. It has been suggested that the difference 
between the buoy/ship SST and TMI SST could partly be a manifestation of the variation of 
temperature with depth in the top few meters (e.g., Wentz et al. 2000). Since the TMI SST is 
retrieved from measurements of the radiance emitted by the sea surface, changes in the sea 
surface emissivity will influence the value of the TMISST. The sea surface roughness (which in 
turn depends on wind speed) and sea surface salinity (SSS) are among the factors that influence 
the sea surface emissivity. We attempt to assess whether either of these two factors, that is, the 
variation of temperature with depth and the variation of emissivity due to the variation of wind 
speed and surface salinity, could have led to the large difference between buoy and TMI SSTs. 

Since the TMI sensor measures the temperature very near the surface (although not strictly the 
skin temperature), we can expect it to be influenced by factors such as the rate of evaporation, 
incident shortwave radiation, wind speed net longwave cooling, etc. At night the skin temperature 
is less than the bulk temperature because there is net energy loss from the surface. During the 
daytime, if the clear-sky solar insolation is high and rate of evaporation small, we expect the skin 
temperature to be higher than the bulk temperature. During periods of high insolation and low 
winds, the skin temperature is observed to be about 1.5°C warmer than the bulk or subsurface 
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temperature, whereas it is cooler by about 0.2°C at wind speeds exceeding 6 m s^sup -1^ (Donlon 
et al. 1999). Hence, if skin versus bulk temperature difference contributed significantly to the 
differences between the buoy and TMI SSTs, then we may expect [Delta]T (buoy SST minus TMI 
SST) to depend on the local standard time (LST) and wind speed. 

We examine the hypothesis by plotting [Delta]T against LST and wind speed. In Fig. 7a, [Delta]T is 
plotted against LST. Preference for the sign of [Delta]T to depend on LST is not observed in this 
figure. One aspect evident in Fig. 7a is that, when buoy and TMI SSTs differ by more than I0C, 
then it is more likely that [Delta]T is positive (TMI SST is less than buoy SST). In Fig. 7 [Delta]T is 
plotted against wind speed. Wind data are not available for all collocated SST data and, hence, 
this plot has a lesser number of points. Depending on the satellite pass time, the data are 
classified into day (1000-1600 LST), night (2100-0600 LST), and rest (0600-0900 and 1600-2100 
LST) categories in Fig. 7b. There are very few data points belonging to day category for wind 
speeds less than 4 m s^sup -1^ where the heating due to solar radiation is expected to be most 
prominent (e.g., Donlon et al. 2002). In the 4-8 m s^sup -1^ wind speed range, there is a larger 
number of data points but no clear dependence either on wind speed or on time of day. 

To explore if the SST derived from the TMI shows any association with the wind speed and surface 
salinity (SSS), which influence the surface emissivity, we have plotted SSTs along with hourly 
rainfall, surface wind speed, SSS, and daily Indian Satellite (INSAT) outgoing longwave radiation 
during BOBMEX in Figs. 8a-c. [At DS4 (Fig. 8b), rainfall and SSS are not available, and OLR is 
used as proxy for convection.] Certain features are common in Figs. 8a-c (the short duration of 
time series does not permit confirming these with a statistical significance test). It is observed from 
Fig. 8a (north bay) that TMI SSTs are not reported when rainfall/convection is intense. The TMI 
algorithm does not give SST values when it senses precipitating clouds, and the results in Fig. 8a 
are consistent with this. (The rains on 20 and 22 August were from short-lived convective clouds 
and not associated with organized convective systems.) There are many occasions when TMI SST 
is more than 0.6°C colder than buoy/ship SST, and these events are associated with decreasing 
values of OLR (i.e., increasing cloudiness) or wind speeds above 10 m s^sup -1^ or both. TMI and 
buoy/ship SSTs are in good agreement with each other when OLR values were increasing or wind 
speeds were below 10 m s^sup -1^. The role of SSS on TMI SST, if any, is not clear from Fig. 8. 
(SSS was measured by a CTD and the minimum depth of SSS measurements was 1 m. Existence 
of a freshwater lens at the top, if any, was not explored during BOBMEX.) For example, in the 
north bay, SSS decreased from around 33 psu on 27 July to less than 29 psu on 3 August and 
remained low therafter. This decrease in SSS is related to the arrival of a freshwater plume from 
the northwest in the first week of August at the ship/buoy location (Vinayachandran et al. 2002). 
After this event also, TMI and buoy SSTs continued to be in good agreement when winds 
decreased and OLR increased (19-23 August) in the north bay. Thus, the negative bias of the TMI 
SST could be associated with cloud cover, which is invariably present during the convectively 
active phase (with precipitation, if any, being less than the threshold in the TRMM algorithm) or 
higher wind speeds that accompany the convection. 

It should be noted that during the rainfall events the TMI SST data are missing. For certain 
purposes, it is necessary to have continuous data in time, and a running average needs to be 
taken. A 7-day running average gives continuous TMI SST data. Now the largest errors in the TMT 
SST often appear either before or after rain events with the TMI SST being less than buoy SST 
(Fig. 8). Thus, when a running average around a convective period is taken, few SST data points 
having a cold bias dominate the average and fill the time gaps. Whereas in the scatterplots, the 
number of data points belonging to low wind/nonconvective periods outnumber those belonging to 
convective periods (e.g., Fig. 4), and the agreement between buoy and TMI SSTs looks excellent. 
Thus, the scatterplot (Fig. 4) and running average plot (Fig. 5) convey somewhat different 
impressions regarding the agreement between buoy and TMI SST values. There is a need to 
explore if this problem can be overcome while generating continuous time series of the TMI SST. 
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5. Conclusions 

Comparison of TMI and in situ SSTs for the Bay of Bengal in the north Indian Ocean has been 
carried out. Important observations from the study are as follows. 

(i) TMI SST captures reasonably well the evolution of the seasonal mean SST field over the bay. 
The difference between the buoy and TMI SST is less than 0.1°C in the mean (buoy warmer) and 
the rms difference is 0.5°C in the central bay and 0.7°C in the north bay. 

(ii) On the subseasonal time scale, there is a bias in the TMI SST toward lower values during 
convective phases; whereas the SST values from the TMI and buoy are close in the absence of 
convection. 

(iii) TMI appears to have about 160% of the subseasonal energy of the buoy SST. 

(iv) The negative bias of TMI SST could be associated with cloud cover or higher wind speeds, 
which accompany the convectively active phase. 

More work is needed to understand the source of bias during the convective season and to 
develop methods for its elimination. When this is done, the TMI SST dataset will provide an 
invaluable tool in the development of our understanding of air-sea interactions in the Bay of Bengal 
during the monsoon. 
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