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Abstract— The SMAP microwave radiometer is a fully-

polarimetric L-band radiometer flown on the SMAP 

satellite in a 6 AM / 6 PM sun-synchronous orbit at 685-km 

altitude. After the SMAP L1B_TB data product version 4 

was released in 2018, the radiometer has undergone further 

calibration and validation.  The goal is to reduce the 

difference between antenna temperature (TA) of ascending 

and descending orbits during the eclipse, and to reduce the 

dips in the calibration drift over the Cold Sky (CS) during 

the eclipse seasons in 2017 and 2018. The post-launch 

calibration algorithm has been revisited by retrieving all of 

the calibration parameters simultaneously with two 

different options for the hot calibration source (the global 

ocean, or the radiometer internal reference load). The 

performance of the two options are compared here.  The 

option with the radiometer internal reference load has been 

chosen by the SMAP science team for data release version 

5. In addition, a correction offset is applied to the input 

signal to account for offsets during the early-mission stages 

with the SMAP SAR transmitter operating alongside the 

radiometer. 

 

I. INTRODUCTION 

 

The Soil Moisture Active Passive (SMAP) mission was 

launched on Jan. 31, 2015 in a 6 AM/ 6 PM 

(descending/ascending) sun-synchronous orbit at 685 km 

altitude with the objective of measuring soil moisture and 

free/thaw globally [1]. The SMAP L-band microwave 

radiometer is a fully polarimetric L-band radiometer (1.4 

GHz) operating with a bandwidth of 24 MHz. The 

radiometer uses a combination of noise-diodes and Dicke-

loads for internal calibration with a design similar to that 

used by the Jason, SMOS (Soil Moisture and Ocean 

Salinity) and Aquarius series radiometers [2, 3, 4]. The 

radiometer ground processing algorithm converts raw 

counts to antenna temperature (TA) and the Earth’s surface 

brightness temperature (TB). The algorithm includes 

advanced Radio Frequency Interference (RFI) detection 

with the aid of special flight hardware to remove corrupted 

L-band measurements [5, 6, 7].  These TB values are used 

with other ancillary data to retrieve soil-moisture products 

on a 40km global grid. The radiometric uncertainty 

requirement for the SMAP radiometer is 1.3 K with a 

calibration drift of less than 0.4 K/month in order to 

measure soil-moisture with a volumetric fraction 

uncertainty of less than 0.04 m3/m3 [1]. 

The SMAP radiometer has successfully operated in space 

since it was fully deployed two months after launch. Two 

data versions (3 and 4) have been released to the public for 

science activities with different calibration approaches, and 

both of them satisfy the requirements. The radiometer L1B 

data product version 3 was released in April 2016. The 

performance of version 3 during the first year on orbit is 

reported in [8], and the post-launch calibration and part of 

its validation are described in [9]. The reflector emissivities 

measured before launch were used. The antenna mainbeam 

gain and the equivalent brightness temperature of the noise 

diode were then calibrated one after another. Validation 

results for data product version 3 show that the SMAP 

antenna temperature is 2.6 K warmer than the reference 

forward model simulation over CS, and that the averaged 

SMAP TB is 2.6 K colder over land than the averaged 

SMOS TB (compared at the top of the atmosphere for the 

two L-band satellites with co-located and concurrent 

measurements), including the update of the reflector’s 

thermal model. Also, there is downward dip in the 

calibration over the global ocean during eclipse seasons [9]. 

In order to remove these biases and mitigate the calibration 

drift, the SMAP radiometer was re-calibrated, and the 

corresponding data product, version 4, was released in 2018 

[10]. 

In the calibration for data product version 4, the reflector 

emissivity was calibrated first by three different research 

teams using different approaches and datasets, and the 

results agreed within 0.5% for the reflector loss [10]. Then 

the other calibration parameters (antenna gain, equivalent 

brightness temperature of the noise diode, and the offset to 

the equivalent brightness temperature of the reference load) 

were concurrently recalibrated (i.e. multiple calibration 

parameters were calibrated simultaneously). The validated 

results are shown in [10, 11]. 

Although the data product version 4 satisfies the soil 

moisture science requirements, two calibration issues 

remain: (1) there is a maximum of 0.7 K difference in the 

calibration drift over the global ocean between ascending 

and descending orbits, and (2) Dips of 0.4 K magnitude in 

the calibration drift over CS in 2017 & 2018 but not in the 
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previous years. These were reported after the release of data 

version 4 and appeared during the summer eclipse seasons 

(i.e. from May to August).  In addition, the brightness 

temperature increased by about 3 K over land surfaces 

compared with version 3 datasets. This impacted the level 

2 soil moisture retrieval, resulting in the need to make an 

ad-hoc adjustment of 2% to the effective land surface 

temperature to reduce a dry bias in the soil moisture 

retrieval. Analysis shows that these issues may be caused 

by the following three factors: 1) inaccuracy in the reflector 

temperature model for the eclipse period; 2) bias in the 

estimated reflector emissivity; 3) bias in the ocean 

Geophysical Model Function (GMF) [12]. Based on this 

analysis, the SMAP radiometer calibration has been 

revisited to investigate the causes and to improve data 

quality.  

In the next sections, the revisited calibration algorithms 

for the SMAP radiometer L1B and the associated data 

products are presented, including the calibration approach 

for correcting the TA bias due to the Synthetic Aperture 

Radar (SAR) transmitter power-down and the radiometer 

internal drift during the first few months. The calibration 

results are evaluated at both TA and TB levels in Section 

III. Lastly, the results will be discussed, and conclusions 

will be made for the data product version 5.  

  

II. RADIOMETER CALIBRATION ALGORITHM 

REVISIT AND RESULT 

 

In the previous two calibration algorithms for the SMAP 

radiometer, the calibration was performed in sequential 

steps [9, 10]. The SMAP radiometer calibration includes 

determining the equivalent noise temperatures of the noise 

diode and the reference load (TND and Tref), correcting the 

antenna pattern, characterizing the RF front-end loss, and 

the antenna system loss (feedhorn aperture cover and 

reflector emissivity). Calibration of these parameters 

directly impact the gain and offset of the antenna 

temperature measurements. The calibration algorithm is 

revisited here using an approach that retrieves all of the 

calibration parameters concurrently (or simultaneously) to 

obtain an optimal solution. The calibration algorithm are 

run with two options for the hot calibration targets. Their 

performance is compared and one chosen for the next 

L1B_TB data release.  

Similar to the calibration for data release version 4 [10], 

the calibration remains divided into 2 phases: (1) Prior to 

July 7, 2015 when the radar was operational; and (2) After 

July 7 when the radar stopped transmitting.  The calibration 

for Phase 2 is performed first because the radiometer is 

stable.  

A. External Calibration/Validation Targets 

The primary external targets for SMAP 

calibration/validation are CS (cold target, e.g. Fig. 3b in [9]) 

and the global ocean (hot target, e.g. Fig. 1 in [10]). In 

addition, the Amazon rainforest and the African continent 

(unpolarized targets) are used for the special CS calibration 

to augment the post-launch calibration. Besides the monthly 

CS calibration with a pitch angle of 110° (CS110) over 

ocean, the special CS calibrations have pitch angles of 180° 

(CS180) and 35.5° (CS35) over the Amazon rainforest and 

the African continent, respectively. The SMAP spacecraft 

attitude including ground track and antenna pointing 

directions with different pitch angles are shown in Fig. 2 in 

[9, 10], whereas Fig. 2b in [10] shows nadir pointing when 

the antenna scan angle is 0°. Note: The sign of the pitch 

angles is negative but omitted for convenience. 

There are no sensors on the reflector and its temperature 

is modeled. Figure 1a shows an example of the modeled 

reflector temperatures on the fifteenth day of March, June, 

August, and December of 2016. Beyond the summer eclipse 

season, the reflector temperature ranges from 103 ℃  to 

125℃, while during the eclipse season (e.g. Jun 15, 2016), 

it has a much broader range from 15℃ to 136℃ and a much 

larger temperature difference between ascending and 

descending orbits. This can cause the difference in the 

calibration drift over the global ocean between ascending 

and descending orbits during the summer eclipse season if 

the reflector loss is not accurately calibrated.  

In the calibration for version 4 data, the time span of the 

global ocean and CS data used for Phase 2 calibration is 

about one year (from August 2015 to July 2016). During 

this period, the reflector temperature during the CS 

calibration is within the range [106℃ 120℃]. During the 

summer eclipse seasons, CS110s were performed over the 

southern hemisphere in 2016 and over the northern 

hemisphere in 2017 and 2018. For the latter, the 

corresponding reflector temperatures are higher than 120℃ 

as shown in Figure 1b.  The reflector temperature during the 

CS calibration should have a dynamic range as wide as 

possible (to cover all possibilities). Consequently, the 

global ocean and normal CS calibration data during the 

eclipse seasons of 2017 and 2018 are included in the 

revisited calibration for Version 5.  

 (a) 

 (b) 
Figure 1. Reflector temperatures. (a) The reflector temperature 

on the 15th of March, June, September and December in 2016. 

(b) The reflector temperature with spacecraft pitch angle 110° 

during the eclipse seasons in 2015~2018. 
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B. Calibration Algorithm Revisit for Phase 2 

In the revisited calibration, there are 20 CS calibration 

maneuvers for the Phase 2 calibration. The CS data are 

averaged over the time span (e.g. 6.02 ± 0.06 minutes 

duration for CS110 and 10.14 minutes duration for CS180) 

of the CS look. When the global ocean is used as an external 

hot calibration target, the data over the global ocean are 

separated into ascending/descending half orbits before 

averaged over a 3-day time span. The selected three days 

for each averaging are the day of the CS calibration plus 

one day before and one day after. When the radiometer 

internal reference load is used as a hot calibration target, its 

brightness temperature is assumed to be well-known (i.e. no 

bias or zero correction) due to that there is a temperature 

measurement for the reference load and the RF front-end 

components have been calibrated before launch. 

Two algorithms for the two calibration options are 

described below. 

1) Option 1: Global Ocean as the Hot Calibration 

Target 

 The calibration parameters in Option 1 are the same as 

those in the calibration algorithm for the SMAP radiometer 

L1B data product version 4 [10]. For the polarization 

channels V and H, the relationship among the residual 

calibration bias 𝑇𝐴  and the corrections to all of the 

calibration parameters (reflector loss, antenna gain, the 

equivalent noise temperatures of the noise diode and the 

reference load) are given by (see Equation (A.8) in 

appendix) 

    𝑇𝐴 = 𝑇𝐴,0 + 𝐿𝑅𝐹(𝐶𝑟𝑇𝑁𝐷 + 𝑇𝑟𝑒𝑓) 

+𝑇𝐴,𝑒𝑥𝑝,0 {1 −
1+𝛿𝐺

𝑓𝐿
}  −

𝑇𝑝ℎ𝑦,𝑟𝑓𝑙

𝐿
{𝐿 −

1

𝑓𝐿
} − 𝐵𝑇 (1) 

where 𝑇𝐴,0  is the calibration bias before the calibration 

parameters are adjusted. 𝑇𝐴,𝑒𝑥𝑝,0 is the expected TA without 

antenna gain and reflector loss corrections. LRF is the loss 

of the SMAP RF front-end and, because it depends on 

temperature, it varies with observations. 𝐶𝑟 =
𝐶𝑎𝑛𝑡−𝐶𝑟𝑒𝑓

𝐶𝑛𝑑
, 

and  𝐶𝑥(x = ant, ref, nd) are radiometer measurements when 

looking through the antenna and at the calibration sources.  

𝛿𝑇𝑁𝐷 , 𝛿𝑇𝑟𝑒𝑓  and 𝛿𝐺  are the corrections to TND, Tref and 

antenna gain, respectively.   is a scale factor that reflects 

the true antenna temperature change due to the 

normalization of the antenna pattern after the antenna 

mainbeam is adjusted, and it is obtained by using 

simulation. 𝑇𝑝ℎ𝑦,𝑟𝑓𝑙  is the ambient temperature of the 

reflector. 𝑓𝐿 is a scale factor for correcting the pre-launch 

reflector loss L. 𝐵𝑇  is a bias at the TA level and an 

additional subscript (e.g. GO or CS) is used to identify the 

bias is for the global ocean or CS. For the global ocean, 

𝐵𝑇,𝐺𝑂  is the bias at the TA level for the H-polarization 

ocean roughness model [12] in normal science mode, and it 

is used to minimize ∆𝑇𝐴  for the nadir-looking 

measurements: 

∆𝑇𝐴 = (𝑇𝐴,𝑣 − 𝑇𝐴,𝑠𝑖𝑚,𝑣) − (𝑇𝐴,ℎ − 𝑇𝐴,𝑠𝑖𝑚,ℎ)        (2) 

where 𝑇𝐴,𝑥  (x=v, h) is the TA measurement for x-

polarization, and 𝑇𝐴,𝑠𝑖𝑚,𝑥 (x=v, h) is the simulated TA for x-

polarization. Subscript ‘sim’ instead of ‘exp’ is used here to 

identify the special case of nadir-looking simulation. For 

CS, 𝐵𝑇,𝐶𝑆  is the bias at the TA level to minimize the 

residual error in ∆𝑇𝐴  after calibration coefficients were 

updated. 

For each polarization, there are at least 7 independent TA 

measurements (CS180 over ocean, CS180 over Amazon, 

CS110 during non-eclipse season, CS110 over Northern 

hemisphere during eclipse season, CS110 over Southern 

hemisphere during eclipse season, ascending and 

descending measurements over ocean in normal science 

mode). In addition, there are two nadir TA measurements 

(one over ocean and one over land). Therefore, there are at 

least 16 independent TA measurements.  

In Equations 1 & 2, there are 10 unknowns (4 corrections 

for each polarization, plus the ocean TA model bias 𝐵𝑇,𝐺𝑂 

at H-polarization and the CS TA model bias 𝐵𝑇,𝐶𝑆 which 

has equal magnitude but opposite sign for V and H 

polarizations) which are less than the number of 

independent measurements, so the Equations 1 & 2 are 

over-determined. The solutions of the unknowns are 

unique, and they can be obtained by using the iterative 

Newton-Raphson method. The results are listed in Table 1. 

Note: An ad-hoc bias ‘-0.15 K’ has been added to the ocean 

TA model at V-polarization to keep the TB over land the 

same as that in Version 4.  Without this ad-hoc bias, the TB 

over land will be about 0.5 K higher. 

Table 1. Correction in Calibration Coefficients for Phase 2, 

Option 1 

Pol. 𝛿𝑇𝑁𝐷 𝛿𝑇𝑟𝑒𝑓 𝑓𝐿 
V -0.13 K 2.81 K 1.0071 

H 0.84 K 2.76 K 1.0070 

Pol. 𝛿𝐺 1+𝛿𝐺 𝐵𝑇,𝐶𝑆 𝐵𝑇,𝐺𝑂 

V -0.0013 -0.013 dB +0.32 K -0.15 K 

H -0.0044 -0.044 dB -0.32 K -0.74 K 

The negative sign in 𝛿𝐺  means that the antenna gain 

needs to be reduced from the gain determined prior to 

launch. This is consistent with the antenna gain correction 

in Version 4. 

 

2) Option 2: Reference Load as the Hot Calibration 

Target 

The reference load inside the radiometer is used as the 

hot calibration target in this option. The brightness 

temperature of the reference load (Equation 4a in [8]) is 

assumed to be modeled well, and additional correction (i.e. 

𝑇𝑟𝑒𝑓 in Option 1) is not needed. Therefore, Equation 1 is 

simplified as  

    𝑇𝐴 = 𝑇𝐴,0 + 𝐿𝑅𝐹𝐶𝑟𝑇𝑁𝐷 

+𝑇𝐴,𝑒𝑥𝑝,0 {1 −
1+𝛿𝐺

𝑓𝐿
}  −

𝑇𝑝ℎ𝑦,𝑟𝑓𝑙

𝐿
{𝐿 −

1

𝑓𝐿
}   (3) 

For each polarization, there are at least 5 independent TA 

measurements (CS180 over ocean, CS180 over Amazon, 

CS110 during non-eclipse season, CS110 over Northern 

hemisphere during eclipse season, CS110 over Southern 

hemisphere during eclipse season). Since the model TB of 
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the reference load is assumed to be well-known and the 

correction to the reflector loss factor is assumed to be the 

same for both V- and H-pols, there are 5 unknowns in the 

calibration parameter list. Therefore, Equation (3) is also 

over-determined. Using the iterative Newton-Raphson 

method, the corrections can be solved and are listed in 

Table 2 

Table 2.  Correction in Calibration Coefficients for Phase 2, 

Option 2 

Pol. 𝛿𝑇𝑁𝐷 𝛿𝐺 1+𝛿𝐺 𝑓𝐿 
V -2.22 K -0.0009 -0.004 dB 

1.0040 
H 2.20 K -0.0037 -0.016 dB 

As with Option 1, the negative sign in 𝛿𝐺 means that the 

antenna gain needs to be reduced from the gain determined 

prior to launch. This is consistent with the antenna gain 

correction in Version 4. 

The corrections to the same calibration parameter are 

different for Options 1 and 2. The difference is expected 

because of the different hot calibration targets. However, 

both options result in increment of the reflector loss and 

decrement of the antenna gain, and this result is consistent 

with that of the calibration for Version 4. 

 

3) Performance comparison between Options 1 & 2 

For each option, two years of data have been generated 

using the updated calibration coefficients. The calibration 

drift over global ocean and CS are shown in Figure 2 and 

Figure 3 for Options 1 & 2, respectively. 

 

(a) 

(b) 
Figure 2.  Calibration drift for Option 1. (a) over the global 

ocean; (b) over CS. 

Their performances are listed in Table 3. 

Sixteen days of data during Feb 03~18, 2016 (SMAP 

orbit repeats every 8 days) are used to check the change of 

TB over the Earth’s land compared to the TB data of the 

previous versions. The TB data over land are chosen with 

that both water fraction and sea ice fraction are less than 

0.001. The results are shown in Table 4. 

 

(a) 

(b) 
Figure 3.  Calibration drift for Option 2. (a) over the global 

ocean; (b) over CS. 

 

Table 3.  Calibration Drift Performance Comparison 

Target Parameters Option 1 Option 2 

global 

ocean 

Drift rate (abs)  0.03 K/year  0.02 K/year 

Bias*  0.14 K (v) 

 0.16 K (h) 

-1.22 K (v) 

-1.05 K (h) 

Asc & Des diff  0.26 K  0.25 K 

CS Drift rate (abs)  0.06 K/year  0.05 K/year 

Bias* -0.07 K (v) 

 0.01 K (h) 

-0.05 K (v) 

-0.03 K (h) 

Dip magnitude  0.25 K  0.18 K 

* Known bias (e.g. BT,GO and BT,CS) is removed from results 

listed in this table. 

 

Table 4.   Change of TB over Land 

 Option 1 Option 2 

 V H V H 

Ver. 3 2.97 K 3.59 K  0.02 K  1.01 K 

Ver. 4 0.10 K 0.27 K -2.85 K -2.31 K 

SMOS* 1.0 K 1.6 K -2.2 K -1.3 K 

Note: Positive sign means the TB of Option x (x=1 or 2) is higher  

          than the TB of Ver. y (y=3 or 4) or SMOS. 

* Estimated value for TB change over land within latitude ±40°. 

 

In addition, the TB differences between SMAP and 

SMOS data (Version 620) are shown in Table 4. The results 

of the TB inter-comparison between SMAP Version 4 data 

and SMOS Version 620 in [10] are used as the reference to 

derive the difference and shown here. 

Option 1 requires an addition of 2.81 K for V-pol and 

2.79 K for H-pol to the TBs of the reference load. These 

values seem too large to be reasonable. Also, the correction 

to the reflector loss of Option 1 is larger than that of Option 

2. Using the measurements of the reflector loss before 

launch as references, the correction to the reflector loss of 

Option 2 seems to be more trustworthy.   
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Option 2 has a lower TB over land than Option 1. This is 

beneficial to reduce the ad-hoc adjustment, 2% in Version 

4, of the effective land surface temperature used in the level 

2 soil moisture retrieval, so it is better consistent for soil 

emissivity models in use by SMAP Level 2 data product. 

Furthermore, Option 1 uses the global ocean as the hot 

external calibration target, but the bias on the oceanic 

Geophysical Model Function (GMF) [12] is unknown. In 

addition, the performance of TA drift is slightly better for 

Option 2. Due to the above reasons, Option 2 is chosen for 

the SMAP radiometer L1B_TB calibration for the next 

release.   

 

C. Calibration Algorithm Revisit for Phase 1 

Phase 1 and Phase 2 are separated on Jul 07, 2015 when 

SAR stopped transmitting. During Phase 1 (prior to July 07, 

2015), the radar transmitter was on in general. It was 

powered off several times for the radar RFI survey and  

a flight software upgrade. The radiometer’s measured TA 

was drifting for the first two months in Phase 1 and then 

stabilized thereafter. Besides the measured TA drift, there 

was a drop larger than 1 K in the measured TA when the 

radar transmitter was turned off [9]. The measured TA 

change can be due to 1) noise from the SAR transmitter 

within the radiometer receiving frequency band or 2) the 

ambient temperature change. 

 

1) Impact of the Radar Transmitter on the Radiometer 

TA measurements 

The radar transmitter was powered off for 10 days (April 

03~13, 2015) for the radar RFI survey.  The ambient 

temperature of the radiometer decreased by about one 

degree due to the heat dissipation from the transmitter. In 

the middle of this SAR off period, the radiometer’s ambient 

temperature was raised about 6℃  to 28℃  (as shown in 

Figure 4) for 4 days by active thermal control. 

 
Figure 4.  Radiometer calibration drift over ocean vs radiometer 

temperature in April 2015. The blue line is the ambient 

temperature of the internal noise source. The orange line is the 

radiometer calibration drift over ocean. 

During the 10-day RFI survey period in April 2015, the 

radiometer was stable even though the radiometer’s 

ambient temperature changed significantly on April 6 & 10, 

while the ambient temperature change was much smaller on 

April 13 when the transmitter was on. This evidence shows 

that the TA measurement’s step change (>1 K over ocean) 

is not due to the impact of ambient temperature (the 

radiometer’s internal calibration has corrected the impact of 

the radiometer’s ambient temperature change). Therefore, 

the cause of the TA change is due to the radar transmitter. 

When the radar transmitter was on, the noise from the 

transmitter was amplified and components within the 

radiometer frequency band could be detected by the 

radiometer. This change can be treated as a fixed positive 

bias to the input. When the calibration coefficients TND and 

Tref obtained from Phase 2 are used to get the calibrated TA, 

the fixed positive bias needs to be deducted. For algorithm 

convenience, a fixed negative offset can be added to Tref 

when the transmitter is on. The negative offset (-1.16 K for 

V-pol and -1.26 K for H-pol) will keep the calibrated TA 

stable around Jul 07, 2015. 

 

2) Calibration Drift Removal 

After the radiometer was powered up on Mar 31, 2015, 

the radiometer’s measured TA was drifting compared to the 

ocean L-band GMF model [12], shown in Figure 5(a). The 

drifts were about 0.31 K/month for V-pol and 0.39 K/month 

for H-pol for the first two months, and the radiometer is 

stable thereafter [9].  During the calibration phase, the 

antenna gain and reflector loss are from the calibration of 

Phase 2. As described in the above section, Tref is changed 

depending on the SAR transmitter on/off status. Then CS is 

used for calibrating the equivalent noise temperature of the 

noise source for the days with CS maneuvers performed. 

(a) 
 

(b) 
 

(c) 
Figure 5.  Radiometer TA drift. The unit of y-axis is Kelvin. (a) 

Before drift correction; (b) The Correction to TND for removing 

radiometer TA calibration drift. The two vertical dashed lines 

show the dates when the 1st and 2nd CS maneuvers were 

performed; (c) After drift correction. Biases in TA are matched to 

the biases during the SAR-off era. 
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The CS maneuver was performed monthly. In order to 

remove TA drift in the first two months, the TB of the 

internal noise source was modeled as a quarter of the cosine 

function with the highest value on Apr 17, 2015 and earlier, 

and the lowest value on May 27, 2015 and after. For the 

following reasons, the value of TND on and before Apr 17, 

2015 is set to be constant: 1) The first CS maneuver was 

performed on Apr 27, 2015; 2) TAs from Mar 31 to Apr 17 

are slightly increasing, so it is more reasonable to set TND 

constant instead of decreasing. The final corrections to TNDs 

are shown in Figure 5(b). 

The residual calibration drift over global ocean is shown 

in Figure 5(c), and its uncertainty is 0.05 K for V-pol and 

0.07 K for H-pol. The biases in TA over the global ocean 

are around -1.22 K for V-pol and -1.05 K for H-pol, which 

are matched with the biases in the calibration drift over the 

global ocean after July 7, 2015; they are most likely due to 

the unknown bias in the ocean L-band GMF model. 

III. VALIDATION AND PERFORMANCE 

 

The calibration coefficients using the approach in 

Section II are validated at the TA level and the TB level. At 

the TA level, the radiometer data product is validated by 

using 1) the TA difference between the V- and H-pol 

channels during the nadir-looking maneuver over both land 

and ocean; 2) the calibration drift over the two 

calibration/validation targets (CS and the global ocean). At 

the TB level, the L1B_TB data product is validated by the 

seasonal variation of the TB and the TB difference between 

V- and H-polarizations over the Amazon. In addition, the 

changes in TB over the Earth’s surface (land and ocean) 

compared to Versions 3 & 4 are also shown for SMAP 

radiometer L1B_TB data user’s convenience.  

A. TA validation and performance 

1) TA difference between V- and H-pol channels during 

the nadir-looking maneuver  

The special orbital maneuvers performed with a fixed 

pitch angle of 35.5° produce nadir pointed observations. 

These observations were used in the calibration equation for 

Version 4 [10] and Option 1 described in Section II.B.1 to 

address polarization biases produced due to potential 

differences in the V/H polarization reflector losses. In the 

calibration revisited data product version 5, an implicit 

assumption is made that the reflector losses are the same for 

both polarizations. As a result, the special nadir observation 

data is used as a validation set for the new calibration. This 

assumption has made a correlation between the two 

polarization channels. Therefore, the other correlation 

between the two polarization channels (i.e. TA difference 

in the V/H polarization during nadir-looking) can be used 

to validate the calibration. As with Version 4, TA data 

within ±5 degrees of nadir pointing are used to compute the 

TA difference between the V- and H-polarizations over 

both land and ocean [10]. The TA differences are -0.10 K 

over land and -0.47 K over ocean. This TA difference is 

small for soil moisture retrieval since the sensitivity of TB 

to soil moisture is about -2.5 K/0.01m3m-3 for a 40o 

incidence angle and for low vegetation regions [13]. The 

impact on the sea surface salinity retrieval might be larger 

due to relative lower sensitivity (e.g. 0.5 K/psu [12]) and it 

needs further investigation. 

 

2) Calibration drift over the Global Ocean and CS 

The calibration drift over the global ocean by the end of 

December 2020 is shown in Figure 6(a). The residual biases 

in the calibrated TA are -1.22 K for V-pol and -1.04 K for 

H-pol, and the uncertainty is 0.05 K for V-pol and 0.07 K 

for H-pol. The long-term calibration drifts are -0.003 

K/year for V-polarization and 0.016 K/year for H-

polarization over the global ocean. The small variation over 

the global ocean is most likely due to model and ancillary 

data inaccuracy. 

The calibration drift over CS by the end of December 

2020 is shown in Figure 6(b). The biases are closed to zero 

and the uncertainty is 0.09 K for V-polarization and 0.11 K 

for H-polarization. The long-term calibration drifts are -

0.016 K/year for V-polarization and 0.001 K/year for H-

polarization over CS.  

 

(a) 

(b) 
Figure 6.  Residual biases or calibration drift in the calibrated TA 

of Version 5. (a) over the global ocean; (b) over CS. 

The results are consistent with those listed in Table 3, and 

they show that the radiometer has been stable in the past 

years. In addition, the performance of the re-visited 

calibration coefficients is also demonstrated and validated. 

 

B. TB validation and performance 

1) TB Change over Land Compared to Versions 3 & 4  

The histogram of TB differences between Version 5 and 

the previous versions over land are shown in Figure 7. 

Similar to the data used for Section II.B.3, sixteen days’ 

data over the time period of Feb 03~18, 2016 (SMAP orbit 

repeat every 8 days) are used. The data with ice fraction 

larger than 0.001 within a given footprint are excluded. 

Water fraction is required to be less than 0.001 for land and 

larger than 0.999 for ocean.  In Figure 7, the solid line 

includes global data, while the dashed line only includes 

data within latitude 40. The water fraction and ice 

fraction used in the processing are from the L1B_TB data 

files.  
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(a) 

(b) 
Figure 7.   TB difference between Version 5 and the previous 

versions. (a) Version 5 vs Version 3; (b) Version 5 vs Version 4. 

Note: Solid line for all latitude included, and dash line for 

latitude within 40  

For land, the mean TB changes without latitude 

constraint are listed in Table 4 labeled ‘Option 2’. When 

data within latitude 40 are selected, the histograms of the 

TB change since these data have narrower distributions and 

the absolute means of the TB change increase by 

approximately 0.3 K since the TBs close to the Equator are 

higher.  

Over ocean the mean TB changes between Version 5 and 

Version 3 are about -1.35 K for both polarizations. These 

changes are within expected values. The SMAP antenna 

temperature is 2.6 K warmer than the reference forward 

model simulation over CS for both V- and H-polarizations, 

and the global ocean is used to calibrate the equivalent noise 

temperatures of the noise diode in Version 3. In Version 5, 

CS has been used as the cold calibration target and there is 

no bias in the calibration drift over CS. This means that the 

SMAP antenna temperature over CS is reduced by 2.6 K in 

Version 5 compared to Version 3. The SMAP TAs and TBs 

over the global ocean are also reduced correspondingly. 

Over ocean the mean TB changes between Version 5 and 

Version 4 are -1.40 K and -0.62 K for V- and H-

polarizations, respectively. CS is used as the cold 

calibration target in both Versions 4 and 5. The global 

ocean is used as the hot calibration target in Version 4 

resulting in a correction to Tref of 3.18 K and 3.29 K for V- 

and H-pol, respectively, while there is no correction to Tref 

in Version 5. As a result, the TBs in Version 5 are lower 

than the TBs in Version 4.  

With ocean data constraint within latitude 40, the mean 

TB changes are almost the same as those without latitude 

constraint for the comparison between Version 5 and the 

previous two versions. This may be a result of the exclusion 

of the ocean with sea ice at high latitudes. In addition, the 

TB changes over ocean have narrower distributions than 

that over land because the TBs over land have a wider range 

than the TBs over ocean.  

 

 

 

2) TB Difference between V- and H-polarizations 

The Amazonian forest has a dense canopy and is treated 

as a hot blackbody calibration target [14, 15], where the TB 

difference between V- and H- polarizations is expected to 

be small. Therefore, the Amazonian forest is used for TB 

validation for the data product Version 5.  

The Amazon region used for validation by the SMAP 

radiometer is the intersection (green in Figure 8) of the 

regions used by the Aquarius radiometer and the Aquarius 

scatterometer. The Aquarius radiometer used a rectangular 

area [15], while the Aquarius scatterometer used a polygon 

region with an area inside excluded [16] due to much lower 

vegetation cover (within the area in the center of the green 

area in Figure 8).  

    

 
Figure 8.  Amazon mask. Green region is used by the SMAP 

radiometer. The rectangular region enclosed by the magenta line 

is used by the Aquarius radiometer, and the region between the 

two red polygon lines is used by the Aquarius scatterometer. The 

coastline is in blue. 

The monthly averaged TBs of the Amazon are shown in 

Figure 9. Seasonal signatures are observed with maximums 

in the summer and minimums in the winter. The mean 

emissivities of the Amazon area are 0.939 and 0.934 for V- 

and H-polarization, respectively, with a standard deviation 

of 0.009. It is demonstrated that the Amazonian forest 

cannot be used as a black body because that the L-band 

signal can penetrate dense vegetation and forest.  

 
Figure 9.  TBs of V- and H- polarizations and their TB 

differences over the Amazon.  

The TB difference between V- and H-polarizations is 

shown in Figure 9 (dashed curve). The mean TB difference 

is 1.77 K. A small seasonal signature in the difference is 

observed with a peak-peak value of 0.4 K and a standard 

deviation of 0.12 K.  The seasonal signature is opposite in 

phase to that of TBs. 
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IV. CONCLUSION 

 

The SMAP radiometer’s calibration has been revisited 

for the L1B data product version 5 based on the feedback 

from Level 2 soil moisture retrieval and existing issues in 

the L1B data product version 4. Two options with different 

hot calibration sources (the global ocean, the radiometer’s 

reference load) are evaluated for the SMAP SAR-off era. 

For each option, all of the calibration parameters (TND, 

reflector loss factor, the antenna gain, and Tref for the option 

with the global ocean as hot calibration source) are 

retrieved simultaneously. The two calibration options result 

in similar calibration drift performances with requirements 

satisfied and similar TA difference between ascending and 

descending orbits, but the two calibration options lead to 

different TBs of the Earth’s surface. For the option using 

the global ocean as the hot calibration target, the globally 

averaged TB of the Earth’s land surface is similar to that of 

Version 4. For the option using the radiometer’s reference 

load, the globally averaged TB of the Earth’s land surface 

is 2.95 K and 2.58 K lower for V- and H-polarization, 

respectively. 

Since there might be unknown biases in the ocean GMF 

model used by the SMAP radiometer calibration and the 

relatively lower TB over land has better consistency for soil 

emissivity models in use, the calibration option using the 

radiometer’s reference load is chosen for the SMAP 

radiometer L1B_TB data of Version 5. For the SMAP SAR-

on era, TND was adjusted to remove the calibration drift for 

the first two months and a fixed bias was added onto the 

modeled TB of the reference load to remove the impact of 

the transmitter noise within the radiometer receiving 

frequency band when the SMAP SAR was on. 

The long-term calibration drifts (absolute value) of 

Version 5 are not larger than 0.016 K/year over either the 

global ocean or CS with the residual uncertainty better than 

0.11 K (rms). Validations show that 1) there are biases (-

1.22 K for V-pol and -1.04 K for H-pol) in the calibration 

drift over the global ocean; 2) the TA difference between 

the V-polarization and H-polarization are -0.10 K over land 

and -0.47 K over ocean when the radiometer antenna points 

to nadir. 

The Amazon’s TB difference between the two 

polarizations is around 1.77 K with a small seasonal 

variation of 0.4 K (peak-peak). This seasonal variation is 

opposite to the seasonal variation in Amazon TBs. The 

mean emissivity of the Amazon are 0.939 and 0.934 for V- 

and H-polarization, respectively, with a standard deviation 

of 0.009. 

  

 

APPENDIX 

DERIVATION OF EQUATION (1) 

 

The calibrated antenna temperature 𝑇𝐴
′ at the radiometer 

internal calibration plane is given by 

𝑇𝐴
′ = 𝐶𝑟𝑇𝑁𝐷 + 𝑇𝑟𝑒𝑓                                    (A.1) 

The definitions of the other parameters in the above 

equation are the same as these in Equation (1). 

The internal calibration plane is different from the 

reference plane for the measured TA reported in the 

L1B_TB data file. The relation between them is given by 

𝑇𝐴 = 𝐿𝑅𝐹𝑇𝐴
′ − 𝑇𝑝ℎ𝑦,𝑅𝐹(𝐿𝑅𝐹 − 1)               (A.2) 

where 𝑇𝑝ℎ𝑦,𝑅𝐹 is the ambient temperature of the SMAP RF 

front-end which is between the internal calibration plane 

and reference plane for the measured TA. 

When corrections are added onto TND and Tref, the change 

in the measurement TA is given by 

𝑇𝐴 = 𝐿𝑅𝐹(𝐶𝑟𝑇𝑁𝐷 + 𝑇𝑟𝑒𝑓)               (A.3) 

When a correction, 𝛿𝐺 which is a constant fraction of the 

antenna gain, is added to the antenna gain, the antenna gain 

becomes (1+𝛿𝐺)G. The expected antenna temperature due 

to this adjustment is given by 

𝑇𝐴,𝑒𝑥𝑝
′ =

1

4𝜋
∫ (1 + 𝛿𝐺)𝐺(Ω)

4𝜋
𝑇𝐵,𝑒𝑥𝑝(Ω)𝑑Ω        (A.4)  

                      = (1 + 𝛿𝐺)𝑇𝐴,𝑒𝑥𝑝,0
′  

where 𝑇𝐴,𝑒𝑥𝑝,0
′  is the expected antenna temperature using 

the pre-launch antenna pattern with lossless reflector. 𝛿𝐺is 

the gain change in the antenna mainbeam. To maintain the 

normalization of the antenna pattern, the backlobe with 

solid angle Ω3 of the antenna pattern will be scaled by the 

factor b defined as  

𝑏 = 1 − 𝛿𝐺

∫ 𝐺(Ω)Ω1
𝑑Ω

∫ 𝐺(Ω)Ω3
𝑑Ω

  (A.5) 

where Ω1  is the solid angle of the antenna mainbeam 

defined as 2.5 times of the 3-dB antenna beamwidth.  is a 

scale factor which reflects the true antenna temperature 

change due to the normalization of the antenna pattern after 

the antenna mainbeam is adjusted, and it’s obtained by 

using simulation. 

The expected antenna temperature after considering the 

reflector loss change is given by 

 

𝑇𝐴,𝑒𝑥𝑝 =
𝑇𝐴,𝑒𝑥𝑝

′

𝐿∗𝑓𝐿
+ 𝑇𝑝ℎ𝑦,𝑟𝑓𝑙 (1 −

1

𝐿∗𝑓𝐿
)                     (A.6) 

 

where 𝑓𝐿 is extra loss factor of the reflector, and L is the 

reflector loss measured before launch. 𝑇𝑝ℎ𝑦,𝑟𝑓𝑙  is the 

ambient temperature of the reflector. 

The difference between the measured TA and expected 

TA is given by 

𝑇𝐴 = 𝑇𝐴 − 𝑇𝐴,𝑒𝑥𝑝 

= 𝑇𝐴,0 + 𝐿𝑅𝐹(𝐶𝑟𝑇𝑁𝐷 + 𝑇𝑟𝑒𝑓) − {
(1+𝛿𝐺)𝑇𝐴,𝑒𝑥𝑝,0

′

𝐿∗𝑓𝐿
+

𝑇𝑝ℎ𝑦,𝑟𝑓𝑙 (1 −
1

𝐿∗𝑓𝐿
)}     

    = 𝑇𝐴,0 + 𝐿𝑅𝐹(𝐶𝑟𝑇𝑁𝐷 + 𝑇𝑟𝑒𝑓) 

+𝑇𝐴,𝑒𝑥𝑝,0 {1 −
1+𝛿𝐺

𝑓𝐿
}  −

𝑇𝑝ℎ𝑦,𝑟𝑓𝑙

𝐿
{𝐿 −

1

𝑓𝐿
}               (A.7) 

        

where 𝑇𝐴,0  is the calibration bias before the calibration 

parameters are adjusted. 𝑇𝐴,𝑒𝑥𝑝,0 is the expected TA with 

that the pre-launch antenna pattern and reflector loss are 

used. 

If there is any bias in the modeled TA,exp over ocean, the 

above equation becomes 

𝑇𝐴 = 𝑇𝐴 − (𝑇𝐴,𝑒𝑥𝑝 + 𝐵𝑇 ) 

    = 𝑇𝐴,0 + 𝐿𝑅𝐹(𝐶𝑟𝑇𝑁𝐷 + 𝑇𝑟𝑒𝑓) 
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+𝑇𝐴,𝑒𝑥𝑝,0 {1 −
1+𝛿𝐺

𝑓𝐿
}  −

𝑇𝑝ℎ𝑦,𝑟𝑓𝑙

𝐿
{𝐿 −

1

𝑓𝐿
} − 𝐵𝑇       (A.8) 

 

 The goal is to let 𝑇𝐴 converge to zero. 

When nadir-looking data are used for the calibration, the 

solution of the calibration parameters is also needed to let 

∆𝑇𝐴  in (A.9) be zero  

∆𝑇𝐴 = (𝑇𝐴,𝑣 − 𝑇𝐴,𝑠𝑖𝑚,𝑣) − (𝑇𝐴,ℎ − 𝑇𝐴,𝑠𝑖𝑚,ℎ)         (A.9) 

 

When the radiometer’s internal reference load is used as 

the hot calibration sources, there will be no correction to 

its TB (or 𝑇𝑟𝑒𝑓=0), then Equation (A.8) becomes  

   𝑇𝐴 = 𝑇𝐴,0 + 𝐿𝑅𝐹𝐶𝑟𝑇𝑁𝐷 

+𝑇𝐴,𝑒𝑥𝑝,0 {1 −
1+𝛿𝐺

𝑓𝐿
}  −

𝑇𝑝ℎ𝑦,𝑟𝑓𝑙

𝐿
{𝐿 −

1

𝑓𝐿
}       (A.10) 
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