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Motivations
• In many applications using remote sensing data, the temporal correlation 

is importantly used

• Bias correction and Scaling (e.g. CDF matching, linear scaling) against 

a reference can be selectively applied using a reliable reference



Linear combination for maximizing correlation

𝜽𝒄 = 𝑤𝜽1 + 1 − 𝑤 𝜽2

Maximize 𝜌𝑐,𝑡 = 𝑓 𝑤 =
𝐸[ 𝜽𝒄−𝜇𝑐 𝜽𝒕−𝜇𝑡 ]

𝜎𝑐𝜎𝑡

Subject to 0≤ 𝑤 ≤ 1



Linear combination for maximizing correlation

• 𝜎𝑐
2 = 𝜎1

2𝑤2 + 2𝐶𝑜𝑣(𝜃1, 𝜃2)𝑤 1 − 𝑤 + 𝜎2
2 1 − 𝑤 2

• 𝜌𝑐,𝑡 =
)𝐶𝑜𝑣 𝜃1,𝑡 𝑤+𝐶𝑜𝑣(𝜃2,𝑡)(1−𝑤

𝜎𝑐𝜎𝑡

• 𝜇𝑐 = 𝑤𝜇1 + (1 − 𝑤)𝜇2

Where,



𝑤 =
𝜎2 𝜌1𝑡 − 𝜌12 ∙ 𝜌2𝑡

𝜎1 𝜌2𝑡 − 𝜌12 ∙ 𝜌1𝑡 + 𝜎2 𝜌1𝑡 − 𝜌12 ∙ 𝜌2𝑡

Kim et al.(2015)

Linear combination for maximizing correlation

𝛿𝜌𝑐,𝑡
𝛿𝑤

= 0



TC

𝜽1

𝜽2

𝜽3

Triple Collocation (TC)

Stoffelen (1998); McColl et al.(2015)



• Linearity between observations and the truth: 𝜽𝒊 = 𝛼𝑖𝒕 + 𝛽𝑖 + 𝜺𝒊

• Stationarity for E[휀𝑖] and E[𝑡]

• Zero error-cross correlation (ECC): 𝜌𝜀𝑖,𝜀𝑗 = 0

• Error-truth orthogonality: 𝜌𝜀𝑖,𝑡 = 0

Four TC assumptions

How do the assumptions affect the combination?



𝜽𝟏 = 𝒕 + 𝜺𝟏
𝜽𝟐 = 𝒕 + 𝜺𝟐
𝜽𝟑 = 𝒕 + 𝜺𝟑

𝒕~𝑈(0, 1) TC

𝜌1,𝑡,𝜌2,𝑡

𝜽𝒄 = 𝑤𝜽𝟏 + 1 − 𝑤 𝜽𝟐

𝑤 =
𝜎2 𝜌1,𝑡 − 𝜌1,2 ∙ 𝜌2,𝑡

𝜎1 𝜌2,𝑡 − 𝜌12 ∙ 𝜌1𝑡 + 𝜎2 𝜌1,𝑡 − 𝜌1,2 ∙ 𝜌2,𝑡

Experiments using synthetic data



• Exp 1: sample sizes

• Exp 2: error stationary 

• Exp 3: error cross-correlation

• Exp 4: error-truth orthogonality

✓ Correlation Difference (CD) = 𝜌𝐶,𝑡 − 𝜌𝑝𝑎𝑟𝑒𝑛𝑡,𝑡

✓ SNR = 10
SNRdB

10 =
PS

PN
=

𝐸[𝑆2]

𝜎N
2 ➡ SNRdB = [0.1, 1, 10]

Experiments using synthetic data



• 𝜺𝒊 = N 0, PN
• sample sizes (L)=[50, 100, 500, 1000, 5000]

Exp 1: sample size



• 𝜺𝒊 = 𝒂 +
H−0.5L

L
∙ s ∙ E 𝒕

- H = 1: L
- s= 0:1:10

Exp 2: error stationarity



• 𝜺𝟏 = N 0, PN

• 𝜺𝟐 = 𝜌 × 𝜺𝟏+ 1 − 𝜌2 × N 0, PN

• 𝜺𝟑 = 𝜌 × 𝜺𝟐+ 1 − 𝜌2 × N 0, PN

- 𝜌 = 0.0:0.1:0.9

Exp 3: error cross-correlation



• 𝜺𝒊 = 𝜌 × 𝒕/ 𝑆𝑁𝑅+ 1 − 𝜌2 × N 0, PN

- 𝜌 = 0.0:0.1:0.9

Exp 4: error orthogonality



No Product
Microwave 

Band
Type

① SMOS L Passive

② ASCAT C Active

③ SMAP L3 L Passive

④ MERRA2 Reanalysis

Experiments using soil moisture data



𝜽1 𝜽2 𝜽3 𝜽4

𝜽1, 𝜽3, 𝜽4

TC

𝜽2, 𝜽3, 𝜽4

TC

𝝆𝟏,𝒕

𝝆𝟐,𝒕

𝑤 =
𝜎2 𝜌1,𝑡 − 𝜌1,2 ∙ 𝜌2,𝑡

𝜎1 𝜌2,𝑡 − 𝜌1,2 ∙ 𝜌1,𝑡 + 𝜎2 𝜌1,𝑡 − 𝜌1,2 ∙ 𝜌2,𝑡

Combination Method

1 (replacing) + 2 (fixed) scheme (1P2)



Case 1 (replacing) 2 (fixed)

(1) ① or ② ③, ④

(2) ① or ③ ②, ④

(3) ① or ④ ②, ③

(4) ② or ③ ①, ④

(5) ② or ④ ①, ③

(6) ③ or ④ ①, ②

Six combination cases



Ground stations for validation



SM 

Combination 

results

9/12 of E[CD] > 0

𝜌𝜀𝑖,𝜀𝑗 ≠ 0

Varied w



Spatial distribution of w (SMAP+SMOS)



𝑤maxR =
𝜎2 𝜌1,𝑡 − 𝜌1,2𝜌2,𝑡

𝜎1 𝜌2,𝑡 − 𝜌1,2𝜌1,𝑡 + 𝜎2 𝜌1,𝑡 − 𝜌1,2𝜌2,𝑡

w𝑚𝑖𝑛MSE =
𝜎2

2 − 𝐶𝑜𝑣(𝜃1, 𝜃2) + 𝐶𝑜𝑣(𝜃1, 𝜃𝑡) − 𝐶𝑜𝑣(𝜃2, 𝜃𝑡)

𝜎1
2 + 𝜎2

2 − 2𝐶𝑜𝑣(𝜃1, 𝜃2)

Max. R vs. Min. MSE



Max. R vs. Min. MSE

ρ

Bias Var

MSEc = 2 ∙ 𝜎𝑡 ∙ 𝜎𝑐 ∙ 1 − 𝜌𝑐,𝑡 + 𝜇𝑡 − 𝜇𝑐
2 + 𝜎𝑡 − 𝜎𝑐

2

Gupta et al. (2009)

Max R

Min MSE Max R
• Bias correction

• Scaling



❑ Complementarity exists among various products

❑ The TC-based linear combination is a simple but effective way to take 

the complementarity

❑ Sample size should be long enough (>500) to properly obtain weights

❑ ECC should be carefully considered in the process

❑ Future works: comparisons of max R and min MSE, extension to three or 

more products, estimating ECC

Conclusions


