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Table 1 Parameters of FY-4A/AGRI channels

Center wavelength /  Spatial resolution /

Channel number

pm km
1 0.47 1.0
2 0.65 0.5
3 0.825 1.0
4 1.375 2.0
5 1.61 2.0
6 2.25 2.0
7 3.75(H) 2.0
8 3.75(L) 4.0
9 6.25 4.0
10 7.1 4.0
11 8.5 4.0
12 10.7 4.0
13 12.0 4.0
14 13.5 4.0
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Table 2 Related cloud products of FY-4A/AGRI and corresponding channels

Cloud product of FY-4A/AGRI

Center wavelength of optical channel /pm

Cloud top height (CTH)
Cloud optical thickness (COT) and cloud effective radius (CER)

11.0, 12.09, 13.55
0.65, 2.25
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Table 3 Numbers of all types of clouds after data matching

Cloud type Number
Ci 73255
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Ac 41412
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Multi 65603
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Fig. 3 Variation of RMSE of eight types of clouds with decision trees number in RF model and GBT model. (a) Variation of RMSE

with decision trees number in RF model; (b) variation of RMSE with decision trees number in GBT model
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Table 4 Decision trees number of two models for all types of

clouds

. Decision trees number Decision trees number
Cloud type

of RF model of GBT model
Ci 13 93
As 9 71
Ac 13 83
St/Sc 11 7
Cu 13 7
Ns 13 7
Dc 5 3
Multi 11 27
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Fig. 4 Variation of RMSE of eight types of clouds with maximum depth of decision trees in RF model and GBT model. (a) Variation
of RMSE with maximum depth of decision trees in RF model; (b) variation of RMSE with maximum depth of decision trees in

GBT model
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Table 5 Maximum depth of decision trees of two models for all

types of clouds

Maximum depth in =~ Maximum depth in

Cloud type

RF GBT
Ci 8 5
As 8 5
Ac 7 4
St/Sc 9 6
Cu 4 5)
Ns 8 8
Dc 5 6
Multi 8 5
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Table 6 Retrieval results of two models for all types of clouds on the test dataset

RF model GBT model
Cloud Mean
value /m RMSE /m  MAE /m R MRE /% RMSE /m MAE /m R MRE /%
Ci 9238.5 1060. 6 841.4 0.7249 9.47 1054. 8 836.5 0.7285 9.41
As 4918.6 1524.5 1180.9 0.6481 41.82 1515. 8 1173.7 0. 6532 41.65
Ac 2954. 9 1357.2 1063.7 0.6396 66. 68 1352. 2 1060. 0 0. 6431 66.51
St/Sc 973. 2 620.0 372.5 0. 6062 43.45 669.5 394. 4 0.5921 46.06
Cu 1075. 6 1000. 3 634.4 0.5018 78.63 1035. 0 663.5 0.5132 84.22
Ns 1266. 4 1338.8 896. 2 0.4246 106. 35 1371.7 933.2 0.4210 113.18
Dec 712.9 534.5 369.5 0.1847 60. 12 538.4 375.6 0.1831 61.73
Multi 2285.0 2044.7 1593.7 0.4046 148.92 2044.9 1605. 5 0. 4069 150. 72
KT BRI CBH R HER R BE 25 Ak

Table 7 Optimal CBH retrieval model of all types of clouds

Cloud type Retrieval model
Ci GBT
As GBT
Ac GBT
St/Sc RF
Cu RF
Ns RF
Dc RF
Multi RF

Wit 25 79 > 55 A8 rh e SR A A0 B 3G, RMSE 19 748
bt LA — 2, B RMSE 46 0 /b 5 3L A 4 5
X F RF LR K P 5 1 50 1% 0 135 % F GBT
T P S A R 1 163, MR IR I B Y p SR R Bk
ot BT R USR8 UE 4R b I 5 B AR O AR 4 R AR
) RMSE 1 5 e 56 W f5e KR B 1 e AR U . 18] 6 R
T YR E 4 EAEA 1Y RMSE B 9~ 155 80 rp e 5 b

ME 6 0] LLE B, I 2R 50 R4 T FE AR 1) RMSE Fifi
PR 55 T8 R S AR i R R B A A A L. Bl R
R} i KR B 1 BRU(EAS BT 388 i, RMISE e iU 0 /)N i 1%
WK, AR RMSE fA7EM /ME . 1R
P RMSE 114 15 7IMEL B 7 T > 458 0 o e 36 4 1) o IR
BE o X T RE BEAY W P SR A 1) e RIREE iy 115 % T
GBT AL W He 58 B 1 B KR B2 50 MR i 2 1)
TR SRR A 450 e R R KRR B, 7 I R 3 i 4 b X 7 A A8
RUEAT e & S o A DR A b 0 A 4 X A 455 80
S AR BT VAR A5 R 8 I o

M 8 IS5 R, A AL AE DU A 1 Y e i
R AZE 8N ,RMSE #I MAE M Z B X5 5 m AW,
RIZEIEAE 0.001 I ,MRE [ 2285 7E 0. 3% KA .
RF £ B 75 it 42 F i MAE #1 MRE M /> 48 55 300 T
GBT # A, i GBT ##1 i) RMSE F1 R P A4~ 45 5 W £
F REBLAL, 2B 3 P78 6 I 4 428 = CBH
B SR S5 a4 9 TR .
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Fig. 5

Variation of RMSE of samples on training and validation datasets with decision trees number in RF model and GBT model.

(a) Variation of RMSE with decision trees number in RF model; (b) variation of RMSE with decision trees number in GBT model
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Fig. 6 Variation of RMSE of samples on training and validation datasets with maximum depth of decision trees in RF model and GBT

model. (a) Variation of RMSE with maximum depth of decision trees in RF model; (b) variation of RMSE with maximum depth

of decision trees in GBT model

%8 REBIRURI GBT LRI AL M4 T 09 i i 5 R
Table 8 Retrieval results of RF model and GBT model on test

dataset
Model RMSE /m  MAE /m R MRE /%
RF 2113.4 1497.6 0.7769 124. 60
GBT 2109. 1 1498.6 0.7779 124.81

MR 9 AT LU B, P A B X X 8 28 - CBH 1Y J
TR A S, T R AR R G R R A A 2
CEGORE EFELL GBT BEARIE R ) % — i & 1 CBH
A
4.3 FRIEE

iz B 2 BT 7 1R 3 7 48, T B L B T O e X
CBH Ay JZ 18 %0 AR 5 03 48 1 A9 &5 2R ok % e X 1
FY-4A = i B S i A A o (&) 7 BT o i Wb O S8 1)
CBH Sz 3 A5 8 %k 4 | 129515 REA 9 CBH J 1
g

ML 7 AT LU 2], PR 7 58 1 CBH AR Y 5 i 245
BIfF S 2% w2 BRI, a0 7 7 & — 0 45
Wb CloudSat #1 1Y) CBH 7E 6~9 km , 11 #5% % Jiz i 1

CBHHZE3kmU T X FEREHELZE =P, 1M
T, 2R A MHRAEE Z 44 . CloudSat & LA 8 Fif
R S b I AE 56 R R o A i HL B S
HH R R Z2NEsER. M2 T, A
ORI 2 )2 s AR B IR R A MEIE . W
I, FE 30 SRR A I 25 9 A L AT R 2 A5 3 5 A A
P N OESE S RV B\ e {2y N ) ) e 1 I N
CloudSat M A9 CBH 7E 3 km A F B =, 17 75 155 7Y
R REGSFH L mMERKEN, CHEETFRE D
B R g b o T % X B 5 CBH AY S 7 25
15 km A FBYREM8% ,Se/St.Cu. Ns . De A K £ 2
= R IAFAE X AP I O, X B S T 5 T R
BEAT O, TR B X A s R S B A 7 T 4
REELEMEBRR, HEZ T, FE—-XXHBr =
K CBH KT 5 km 091 O BA I 2> F 5 58 1) ) 1
g B TR F T PR T R CBH Sz AR A X
A FFEA R RMSE .MAE R #1 MRE, 7] DLE % :
H & — W) CBH &z i #5589 ki3 4 L BT 3 AR AR
RMSE 4 1304.7 m, MAE J 898.3 m, R i 0. 9214,
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F#9  REBERIFIGBT BRI KA [ &K= 19 CBH 45
Table 9 Retrieval results of RF model and GBT model for all types of clouds on test dataset

RF model GBT model
Cloud
Mean value /m
type RMSE /m  MAE /m R MRE /% RMSE/m  MAE /m R MRE /%
Ci 9238. 5 2528.7 2178.0 0. 6489 23.80 2529.7 2181.5 0.6518 23.84
As 4918. 6 1896. 3 1532.0 0.6111 41.19 1891. 8 1529.5 0.6140 41. 04
Ac 2954.9 1637.8 1246. 1 0. 5566 63. 07 1636. 4 1247.3 0. 5566 63.17
St/Sc 973.2 1098. 2 536. 6 0.2782 66. 40 1095. 6 537.7 0.2763 66. 69
Cu 1075.6 1734.9 1080. 0 0. 2450 171.41 1725.9 1076.7 0. 2458 170.77
Ns 1266. 4 1980. 8 1518.9 0.2353 246. 69 1977.5 1527.6 0.2320 248. 25
Dc 712.9 3090. 6 2524.6 —0.0628 545.12 3071.9 2532.3 —0.0578 546. 44
Multi 2285.0 3104.5 2369.9 0.3775 297.83 3095.7 2367.4 0.3783 297.88
(@15 ®) 15
12 12
£ £
< =
29 29
O (&)
3 3
2o <o
2 2
© RMSE: 1304.7m ©
3 MAE: 898.3m 31
R:0.9214 . :
MRE: 63.93% H : ',MRE 124. 81%
0 3 9 12 15 0 3 6 9 12 15
FY-4A CBH /km FY-4A CBH /km
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Total number in every bin at an interval of 60 m

7 PR 7 A R SR AR I R A5 SR (D TR — (D) TR
Fig. 7 Retrieval results of models of two schemes on test dataset. (a) Scheme one; (b) scheme two
MRE 2} 63. 93 % ; /5 % —- iy CBH Jiz J8 455 700 % ) 3 4 1 T, WA, EaRME BT WA TR
fiF A FEA ) RMSE 2y 2109. 1 m, MAE 4 1498. 6 m, R CBH J 78 £ B X} 5 28 2 (19 CBH & 25 8, an 4 10
H}0.7779, MRE A 124.81% . IR —H 4 M HEFRIE i
F£ 10 Wi x4 LA 1) CBH J T8 19 45

Table 10 Retrieval results of models of two schemes for all types of clouds on test dataset

Cloud  Mean value /m Scheme one Scheme two
RMSE /m MAE /m R MRE /% RMSE /m MAE /m R MRE /%

Ci 9238.5 1054. 8 836.5 0.7285 9.41 2529.7 2181.5 0.6518 23.84
As 4918.6 1515. 8 1173.7 0.6532 41.65 1891.8 1529.5 0. 6140 41.04
Ac 2954.9 1352.2 1060. 0 0.6431 66.51 1636. 4 1247.3 0. 5566 63.17

St/Sc 973.2 620.0 372.5 0. 6062 43.45 1095. 6 537.7 0.2763 66. 69
Cu 1075. 6 1000. 3 634.4 0.5018 78.63 1725.9 1076.7 0. 2458 170. 77
Ns 1266. 4 1338. 8 896. 2 0.4246 106. 35 1977.5 1527.6 0.2320 248.25
Dc 712.9 534.5 369.5 0.1847 60. 12 3071.9 2532.3 —0.0578 546. 44

Multi 2285.0 2044.7 1593.7 0. 4046 148.92 3095. 7 2367.4 0. 3783 297.88

W10 7] LA B - )5 % — 19 CBH S 8 455 8 X 4% b B X As AT AcHhry Hifh 6 25 =, 7 B — 19 CBH S i
# 7= CBH K A RMSE MAE I RME T HE -1 BERUSAE T € =0 XU 7 5 — CBH S il B 7 1)
CBH [ R R, — % RMSE fl MAE 22 [] () 22 H 3% MO BT R . Wk K £ —n CBH J i 45
16 10°~10° m,R W ZFE7E 10 '~10°; %} T- MRE i 1~ 48 TINVE N B A FY -4 A 25 5 15 B B J A 0
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Fig. 8 Retrieval flow of CBH for FY-4A in practical application
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CBH retrieved from models of two schemes and the comparison with CBH from CloudSat. (a) Cloud types obtained according

by the model proposed in Ref. [32]; (b) CBH retrieved from the cloud types of Fig. 9(a) and the model of scheme one; (c) CBH

retrieved from the model of scheme two; (d) comparison between the cloud types of CloudSat and the model proposed in Ref.

[32], and comparison among CBH retrieved from models of two schemes and CBH from CloudSat on CloudSat track
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Abstract

Objective Cloud base height (CBH) is a crucial cloud parameter affecting the water cycle and radiation budget of the
earth-atmosphere system. Additionally, CBH has a great impact on aviation safety. Low CBH often leads to a decrease in
visibility, which poses a great threat to flight safety. Therefore, it is meaningful to acquire accurate CBH for related
scientific research and meteorological services. It is valuable but challenging to use satellite passive remote sensing data to
retrieve CBH. Some cloud products such as cloud top height (CTH) and cloud optical thickness (COT) are often used in
previous research, related to CBH retrieval, from which two ideas to retrieve CBH can be summarized. The first idea
employed independent methods to obtain CBH of different types of clouds respectively, and the second one directly
retrieves CBH using cloud products of satellites without regarding cloud types. At present, there is no CBH products of
FY-4A. Therefore, a CBH retrieval method for FY-4A is introduced in this paper. According to the two ideas mentioned
above, two schemes of CBH retrieval are designed, which are compared to find more suitable ideas to retrieve CBH for

FY-4A and to provide reference for subsequent development of FY-4A CBH products.

Methods
effective radius (CER) from FY-4A are used. Additionally, CBH and cloud types from CloudSat are employed for their

A CBH retrieval method based on ensemble learning is proposed in this paper. CTH, COT, and cloud

widely recognized data quality. First, data of FY-4A and CloudSat are matched spatiotemporally and are divided into
training data, validation data, and test data. Second, CBH retrieval models are built based on two ensemble learning
algorithms, random forest (RF), and gradient boosting tree (GBT). Two schemes of CBH retrieval are designed in this
paper. In the first scheme, matched data are divided into eight types according to the eight cloud types of CloudSat. For

each type of cloud, two retrieval models are built based on RF and GBT using training data and validation data through ten-
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fold cross validation. The optimal model is selected according to the models’ results on test data. In the second scheme,

retrieval models are built without regarding cloud types. Training data of the eight cloud types are combined together.
Validation data and test data are processed similarly. The three data sets are used to obtain the RF model and GBT model,
and to select the optimal retrieval model. Finally, the optimal scheme and model of CBH retrieval for FY-4A are selected

according to the models’ performance.

Results and Discussions Root mean squared error (RMSE), mean absolute error (MAE), correlation coefficient (R), and
mean relative error (MRE) are used to evaluate models’ performance. In the first scheme, the GBT model is the optimal
retrieval model for Cirrus (Ci), Altostratus (As), and Altostratus (Ac). RF model is the optimal retrieval model for
Stratus/Stratocumulus (St/Sc), Cumulus (Cu), Nimbostratus (Ns), deep convective cloud (Dc), and multilayer cloud
(Multi). In the second scheme, the GBT model is the optimal retrieval model. The models of the two schemes are
compared on test data with 129515 samples. Overall, the retrieval model of the first scheme outperforms that of the second
scheme. Specifically, RMSE of the model in the first scheme is 1304. 7 m. MAE is 898.3 m, R is 0.9214, and MRE is
63.93%. For the eight types of clouds, RMSE, MAE, R, and MRE of the model in the first scheme are also superior to
those of the model in the second scheme. Although the first scheme can obtain better results, the retrieval model of the
first scheme still needs to be improved in the future. For example, the performance of the retrieval model for Dc is not a
patch on that of other types of clouds. Additionally, the paper discusses how to apply the proposed method to practice.
First, level 1 data (i. e. reflectance and brightness temperature) and level 2 data (i. e. CTH, COT, and CER) of FY-4A
can be used to acquire the eight cloud types according to a cloud type classification model proposed by Yu et al. Second,
according to the cloud type classification results, the retrieval models of the first scheme can be adopted to retrieve CBH

for the eight types of clouds respectively.

Conclusions CBH is a critical cloud parameter, but there are no CBH products of geostationary meteorological satellites
currently. Thus, a CBH retrieval method for FY-4A based on ensemble learning is introduced in this paper. Two schemes
of CBH retrieval are designed, and corresponding CBH retrieval models are built based on two ensemble learning
algorithms, namely, RF and GBT. Data of CTH, COT, and CER from FY-4A are used in this paper. The first scheme
employs eight independent models to retrieve CBH for eight types of clouds (i. e. Ci, As, Ac, St/Sc, Cu, Ns, Dc, and
Multi) respectively. Specifically, for Ci, As, and Ac, the GBT model is used to retrieve CBH. For the other five types of
cloud, the RF model is used to retrieve CBH. The second scheme uses a GBT model to retrieve CBH without regarding
cloud types. CBH from CloudSat is used to evaluate the results of the two schemes, and the retrieval model of the first
scheme outperforms that of the second scheme. For the eight types of clouds, the retrieval model of the first scheme also

obtains better results.

Key words atmospheric optics; cloud base height retrieval; FY-4A; cloud top height; cloud optical thickness; cloud

effective radius; ensemble learning
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