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Abstract 21 

It is important to understand temporal and spatial variations in the structure and photosynthetic 22 

capacity of tropical rainforests in a world of changing climate, increased disturbances and human 23 

appropriation. The equatorial rainforests of Central Africa are the second largest and least 24 

disturbed of the biodiversly-rich and highly productive rainforests on Earth. Currently, there is a 25 

dearth of knowledge about the phenological behavior and long-term changes that these forests are 26 

experiencing. Thus, this study reports on leaf area seasonality and its time trend over the past two 27 

decades as assessed from multiple remotely sensed datasets. Seasonal variations of leaf area in 28 

Congolese forests derived from MODIS data co-vary with the bimodal precipitation pattern in this 29 

region, with higher values during the wet season. Independent observational evidence derived from 30 

MISR and EPIC sensors in the form of angular reflectance signatures further corroborate this 31 

seasonal behavior of leaf area. The bimodal patterns vary latitudinally within this large region. 32 

Two sub-seasonal cycles, each consisting of a dry and wet season, could be discerned clearly. 33 

These exhibit different sensitivities to changes in precipitation. Contrary to a previous published 34 

report, no widespread decline in leaf area was detected across the entire extent of the Congolese 35 

rainforests over the past two decades with the latest MODIS Collection 6 dataset. Long-term 36 

precipitation decline did occur in some localized areas, but these had minimal impacts on leaf area, 37 

as inferred from MODIS and MISR multi-angle observations. 38 

 39 

Keywords: leaf area, remote sensing, Congolese rainforests, phenology, long-term trends, MODIS, 40 

MISR, DSCOVR EPIC 41 

  42 
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1. Introduction 43 

Tropical rainforests play an essential role in modulating regional climate, surface energy 44 

partitioning and thH�(DUWK¶V�FDUERQ�F\FOH�(Chen et al. 2020; Cook et al. 2020). Understanding the 45 

spatial patterns and temporal variations and trends in the structure and functioning of rainforests, 46 

and the underlying mechanisms and their drivers, is crucial to gaining insights on how these 47 

biodiversly-rich and productive ecosystems will respond to future climate change, disturbances 48 

and human appropriation (Bi et al. 2015). The seasonal transition between wet and dry seasons is 49 

a distinct feature of tropical rainforests, which leads to intra-annual patterns of leaf flushing and 50 

abscission (Bi et al. 2015; Samanta et al. 2012). The growth-limiting impact of water deficit on 51 

rainforest during the dry season could be alleviated through deep roots and hydraulic redistribution 52 

(Oliveira et al. 2005; Pierret et al. 2016). However, a continued decline in leaf area and 53 

photosynthetic capacity attributed to long-term drying may alter forest composition and structure, 54 

such as large-scale tree mortality and dominance of drought-tolerant species (Adams et al. 2009; 55 

Fauset et al. 2012; Martínez-Vilalta and Lloret 2016). 56 

 57 

Seasonal variations in the Amazonian rainforests has been an active research topic in recent 58 

years (Brando et al. 2010; Huete et al. 2006; Morton et al. 2014; Myneni et al. 2007). The 59 

community-consensual view is that higher greenness and leaf area appear during the sunlight-rich 60 

dry season in well-hydrated Amazonian rainforests (Bi et al. 2015; Brando et al. 2010; Huete et al. 61 

2006; Myneni et al. 2007), even though this view has been questioned (Galvão et al. 2011; Morton 62 

et al. 2014). Science questions surrounding the functionality of Amazonian rainforests such as 63 

drought induced carbon sink variation and impacts of human interference are at the center of 64 

debates nowadays (Aragão et al. 2018; Brienen et al. 2015; Pires and Costa 2013; Yang et al. 65 

2018b). The equatorial rainforests of Central Africa, the second largest and least disturbed of the 66 

biodiversly-rich and highly productive rainforests on Earth (Cook et al. 2020), have attracted less 67 

attention compared with its Amazonian counterpart. 68 

 69 

The bimodal precipitation pattern (two wet and two dry seasons per year) in the Congo basin 70 

controlled by the migration of the tropical rain belt, is much different from that in the Amazon 71 

(Jiang et al. 2019; Nicholson 2018; Raghavendra et al. 2020; Sorí et al. 2017). For all vegetation 72 

types within the Congo Basin enhanced vegetation index (EVI) profiles were found to be highly 73 



4 
 

seasonal and strongly correlated to rainfall and to a lesser extent to light regimes (Gond et al. 74 

2013). Two-band enhanced vegetation index (EVI2) from the geostationary Spinning Enhanced 75 

Visible and Infrared Imager (SEVIRI) and polar-orbiting Moderate Resolution Imaging 76 

Spectroradiometer (MODIS) also revealed similar bimodal seasonal pattern (Yan et al. 2016a). It 77 

was found (Yan et al. 2017) that the spatial variation in wet season timing within the Congo Basin 78 

exhibited distinct latitudinal gradients whereas the variation in the canopy greenness cycle timing 79 

was relatively small. Analyses of MODIS EVI and solar-induced chlorophyll fluorescence (SIF) 80 

and fraction of absorbed radiation from the Global Ozone Monitoring Experiment-2 (GOME-2) 81 

suggest that an annual rainfall threshold of approximately 2000 mm yr-1 determines whether the 82 

supply of seasonally redistributed subsurface water storage from the wet season can satisfy plant 83 

water demands in the subsequent dry season; thus water availability exerts a first-order control on 84 

photosynthetic seasonality in tropical forests (Guan et al. 2015; Ndehedehe et al. 2019).  85 

 86 

Recent studies have also revealed a large-scale and long-term drying trend during the 1979 to 87 

2010 period over the Congolese rainforests in central Africa (Jiang et al. 2019; Raghavendra et al. 88 

2020; Zhou et al. 2014). This has been linked to a shift in tropical Walker circulation (Hua et al. 89 

2018; Hua et al. 2016), intensifying thunderstorm activities (Raghavendra et al. 2018) and 90 

Madden-Julian oscillation (Raghavendra et al. 2020). This drying was supposed to have led to a 91 

widespread loss in greenness of Congolese forests during 2000 to 2012 as they were claimed to be 92 

more sensitive and less resilient to climate change as compared to its Amazonian counterpart 93 

(Hirota et al. 2011; Jiang et al. 2019; Zhou et al. 2014) . On the other hand, some recent studies 94 

based on latest versions of satellite data reported no significant browning signals during the 2000 95 

to 2017 period (Chen et al. 2019; Piao et al. 2020). As such, the question of greening or browning 96 

of Congolese rainforests over the past 20 years is still unclear and in debate, especially in the 97 

context of increasing drying durations and from the perspective of biophysical parameters. 98 

Moreover, a drying climate over the past two decades has been associated with changes in forest 99 

composition, leaf phenology and community-level functional traits in tropical forests (Aguirre-100 

Gutiérrez et al. 2020), which requires further explorations. 101 

 102 

In addition to climatic factors mentioned above, degradational transitions in land cover and 103 

agricultural expansion also drive the vegetation dynamics in rainforests (Costa et al. 2007). Since 104 
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the Congolese rainforests are less disturbed by human activities compared with other equatorial 105 

forests (Cook et al. 2020), the climatic influence is our main focus. This study is focused on 106 

exploring the intra-annual seasonality and its controls, inter-annual variability and long-term 107 

trends in leaf area of the Congolese rainforests. More specifically, our primary objectives are to (i) 108 

document seasonal variation in leaf area of Congolese rainforests and how do seasonal patterns 109 

vary latitudinally within this large region; (ii) estimate the sensitivity of leaf area to changes in 110 

precipitation for different regions and seasonal cycles; (iii) analyze long-term trends in leaf area; 111 

and (iv) assess impact of long-term drying on leaf area and leaf optics. Multiple remote sensing 112 

datasets and vegetation proxy metrics are analyzed to achieve our objectives.  113 

 114 

Monitoring of dense vegetation such as equatorial rainforests represents one of the most 115 

complicated case in optical remote sensing because reflection of solar radiation saturates and 116 

becomes weakly sensitive to vegetation changes. At the same time, the satellite data are strongly 117 

influenced by changing sun-sensor geometry. This makes it difficult to discriminate between 118 

vegetation changes and sun-sensor geometry effects. As such, the above-mentioned leaf area 119 

seasonal variation and long-term greening/browning trends revealed by single-viewing remotely 120 

sensed datasets require more evidence. Our secondary objective is to demonstrate value of multi-121 

angle observations to unambiguously detect changes in properties of dense equatorial forests. 122 

 123 

2. Materials and Methods 124 

 125 

����'DWDVHWV 126 

Various variables from several independent satellite sensors over the Congo basin were 127 

analyzed in this research. These include leaf area index (LAI), normalized difference vegetation 128 

index (NDVI) (Rouse et al. 1974), EVI (Liu and Huete 1995), land cover maps, land surface 129 

temperature (LST) and evapotranspiration (ET) from MODIS. Additionally, the following datasets 130 

were also utilized in this research: precipitation from Tropical Rainfall Measuring Mission 131 

�7500��� SKRWRV\QWKHWLFDOO\� DFWLYH� UDGLDWLRQ� �3$5�� IURP�&ORXGV� DQG�(DUWK¶V�5DGLDQW� (QHUJ\�132 

System (CERES), surface bidirectional reflectance factor (BRF) and directional hemispherical 133 

reflectance (DHR) from Multi-angle Imaging SpectroRadiometer (MISR) on the Terra platform 134 
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and BRF from Earth Polychromatic Imaging Camera (EPIC) on Deep Space Climate Observatory 135 

(DSCOVR). Table 1 shows datasets used in this study. 136 

 137 

�������02',6�GDWD 138 

The Terra and Aqua MODIS Collection 6 (C6) 8-day composite LAI products (MOD15A2H 139 

and MYD15A2H) for the period of February 2000 to December 2019 were used in this study. The 140 

data are at 8-day temporal frequency and projected on a 500-m sinusoidal grid. The C6 MODIS 141 

LAI product correctly accommodates structural and phenological variability in all biome types and 142 

agree with ground truth data within root mean square error (RMSE) of 0.66 LAI (Yan et al. 2016b; 143 

Yan et al. 2016c). 144 

 145 

C6 Terra MODIS monthly NDVI and EVI products (MOD13C2) from February 2000 to 146 

December 2019 were also used as radiometric measures of vegetation greenness. The NDVI is a 147 

vegetation index widely used in many studies of vegetation dynamic. It is calculated as the 148 

difference between BRFs at near-infrared (NIR) and red spectral bands normalized by their sum. 149 

The EVI is calculated as the difference between BRFs at NIR and red spectral bands normalized 150 

by a linear combination of BRFs at blue, red and NIR bands. It was found especially useful for 151 

monitoring vegetation in high biomass tropical broadleaf forests (Brando et al. 2010; Xu et al. 152 

2011; Zhou et al. 2014). The C6 MOD13C2 product is projected on a 0.05° geographic Climate 153 

Modelling Grid (CMG) (Huete et al. 2002). In addition, monthly gridded Collection 5 (C5) 154 

MODIS NDVI/EVI product (MODVI) from February 2000 to December 2012 in CMG 1° 155 

resolution was also used in our study for comparisons. 156 

 157 

C6 Terra and Aqua MODIS land cover product (MCD12C1) from 2001 to 2019 at yearly 158 

intervals and at a 0.05° spatial resolution was used to identify our study area. Maps of several 159 

classification schemes are available in the MCD12C1 dataset (Friedl et al. 2002). The map of LAI 160 

classification scheme was adopted in this research (Supplementary Information Figure S1). 161 

 162 

Daytime LST from C6 Aqua MODIS (MYD11C3) for the period July 2002 to December 2019 163 

was used to quantify temperature variations related to changes in leaf area and other climate 164 

YDULDEOHV��0<'��&��PHDVXUHV�WKH�WHPSHUDWXUH�RI�(DUWK¶V�VXUIDFH�WKHUPDO�HPLVVLRQ at local time 165 
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~13:30, which is believed to provide the largest LST contrast between vegetated and non-vegetated 166 

surfaces compared to other MODIS LST measurements. Monthly LST values from the MYD11C3 167 

product are derived by compositing and averaging values from the corresponding month of 168 

MYD11C1 daily files, and projected on a 0.05° CMG grid (Wan 2014). 169 

 170 

The Terra MODIS C6 8-day composite evapotranspiration product (MOD16A2) projected on 171 

a 500-m sinusoidal grid from January 2000 to December 2019 was used to quantify climatic water 172 

deficit variations. The algorithm used to generate MOD16A2 is based on the logic of the Penman-173 

Monteith equation, which includes inputs of daily meteorological reanalysis data along with other 174 

MODIS products such as vegetation property dynamics, albedo, and land cover (Mu et al. 2007; 175 

Mu et al. 2011). 176 

 177 

�������7500�3UHFLSLWDWLRQ�DQG�&(5(6�3$5�)OX[HV 178 

Monthly precipitation data from the TRMM (3B43 version 7) at 0.25° spatial resolution for 179 

the period January 2000 to December 2019 was used in this study. The 3B43 version 7 TRMM 180 

data provides the best-estimate precipitation rate and root-mean-square precipitation-error 181 

estimates by combining four independent precipitation fields (Huffman et al. 2007). Monthly at-182 

surface all-sky downward PAR, calculated by summarizing direct and diffuse PAR fluxes from 183 

CERES (SYN1deg_L3 product) at 1° resolution for the period of March 2000 to November 2019 184 

was used (Rutan et al. 2015). 185 

 186 

�������7HUUD�0,65�DQG�'6&295�(3,&�GDWD 187 

Level 2 land surface and aerosol products from MISR (version 3) for the period of January 188 

2000 to December 2019 were used in this study. 7KH�0,65�VHQVRU�YLHZV�WKH�(DUWK¶V�VXUIDFH�ZLWK�189 

nine cameras simultaneously and enables direct measurements of angular variation of forest 190 

reflected radiation over a wide range of the phase angle that the single-viewing sensors (e.g., Terra 191 

and Aqua MODIS) can provide only in very limited cases (Bi et al. 2015; Song et al. 2018). MISR 192 

has a ground track repeat cycle every 16 days and achieves global coverage every 9 days. The 193 

surface reflectances, DHR and BRF, are at 1.1 km spatial resolution. The aerosol optical depth 194 

(AOD) is available at 4.4 km spatial resolution. The surface and aerosol products are projected on 195 
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Space Oblique Mercator (SOM) projection, in which the reference meridian nominally follows the 196 

spacecraft ground track. The land surface product provides BRF at nine MISR view angles (nadir, 197 

±26.1°, ±45.6°, ±60.0° and ±70.5°) in four spectral bands (446, 558, 672, and 866 nm). The MISR 198 

YLHZ�GLUHFWLRQV�IRUP�³YLHZ´�OLQHV�RQ�WKH�SRODU�SODQH��Supplementary Information Figure S2). Each 199 

view line sees a certain part of the MISR 360 km swath. 200 

 201 

Level 2 Multi-Angle Implementation of Atmospheric Correction (MAIAC) surface BRF 202 

retrieved from DSCOVR EPIC observations from 2016 to 2019 was also used. The EPIC 203 

instrument provides imageries in near backscattering directions with the phase angle between 4° 204 

and 12° at ten ultra-violet to NIR narrow spectral bands. This feature complements MISR 205 

observations since it extends MISR angular sampling to the near backscattering directions. The 206 

MAIAC BRF are available at four spectral bands; they are 443, 551, 680 and 780 nm. Data are 207 

projected on a 10-km sinusoidal grid and available at 65 to 110 min temporal frequency. 208 

 209 

�����'DWD�SURFHVVLQJ 210 

This study was focused on structurally intact and undisturbed region of Congolese tropical 211 

moist broadleaf forests in Central Africa (5°N-6°S, 14°E-31°E), which were defined as a region 212 

with no changes in land cover type during the 2000 to 2019 period. First, evergreen broadleaf 213 

forest pixels in the LAI classification scheme at 0.05° resolution for which no land use/cover 214 

change was detected during the 2000 to 2019 period were selected. Second, the binary 0.05° 215 

evergreen broadleaf forest images were spatially aggregated into a 0.25° coarser resolution map to 216 

match the spatial resolution of rainfall TRMM dataset. Pixels at 0.25° resolution were labeled as 217 

rainforest only if at least 80% of its 0.05° sub-pixels (i.e., 20 in 25 sub-pixels) were forested. Third, 218 

those isolated pixels in the Congolese forest border were removed at 0.25° mask map to minimize 219 

human impact. The 1,653 pixels at 0.25° resolution identified by this procedure were considered 220 

as structurally intact and undisturbed forests.  221 

 222 

All vegetation and climate variables were selected using flags indicating highest retrieval 223 

quality. The 8-day 500 m LAI products from Terra (MOD15A2H) and Aqua (MYD15A2H) 224 

MODIS sensors were used to generate monthly average LAI values. The cloud contaminated 225 

pixels were removed. Only the best quality LAI values generated using main algorithm were used 226 
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in our analyses. The monthly LAIs were then spatially aggregated onto a 0.05° CMG grid (Chen 227 

et al. 2019). The evapotranspiration data used in our study was generated by selecting best-quality 228 

retrievals in the MODIS C6 ET product first and then degraded to 0.05° CMG monthly composites 229 

following the same procedure used to obtain LAI dataset. The LAI and NDVI/EVI were further 230 

refined by removing low quality data by consulting NDVI/EVI quality assurance (QA) flags. We 231 

selected highest quality LST based on LST QA. The LAI, NDVI/EVI, ET and LST datasets over 232 

intact and undisturbed region of the Congolese forests were then spatially aggregated to 0.25° 233 

resolution. During the process of spatial aggregation, only pixel whose sub-pixels are all valid was 234 

retained. Climatic water deficit (CWD) was calculated as the difference between potential 235 

evapotranspiration and actual evapotranspiration from the ET dataset. Nearest neighbor 236 

interpolation was adopted to resample data to 0.25° for the C5 NDVI/EVI and CERES PAR dataset 237 

at a spatial resolution coarser than 0.25°. 238 

 239 

The MISR surface BRF and DHR were first refined by removing pixels with AOD over 0.3. 240 

EPIC images at local solar time around 10:30 am were used in our analyses, which were also 241 

refined by removing pixels with AOD over 0.3. MISR and EPIC datasets were further re-projected 242 

to 0.01° and 0.1° CMG grids, respectively. We expressed BRF and DHR values in a coordinate 243 

system with the polar axis pointed towards the Sun. 7KH�YLHZ�]HQLWK�DQJOH�LQ�WKLV�³VXQ-WUDFNLQJ´�244 

coordinates was given by the phase angle, ɀ, i.e. the angle between the directions to the sun and 245 

sensor and calculated as 246 

 247 

ߛ ൌ ����ሾ��� ܣܼܵ ��� ܣܼܸ ൅ ��� ܣܼܵ ��� ܣܼܸ ���ሺܵܣܣ െ  ��� ሻሿܣܣܸ

 248 

where SZA, VZA, SAA, VAA are solar zenith angle, view zenith angle, solar azimuthal angle and 249 

view azimuthal angles (Bi et al. 2015). We assigned WKH� VLJQ� ³SOXV´� WR� WKH�SKDVH� DQJOH� LI� WKH�250 

direction to the MISR sensor approached the direction WR�VXQ�IURP�1RUWK��DQG�³PLQXV´�RWKHUZLVH�251 

(Supplementary Information Figure S2). In our sun-tracking coordinate system, the MISR BRF 252 

was a function of SZA, phase angle and MISR view line, the latter specified by VZA of the MISR 253 

nadir camera.  254 

 255 
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Monthly BRFs and DHRs accumulated over the 20-year period (2000 to 2019) were used to 256 

analyze seasonal variation of forest canopy reflectance. For each month, a median BRF value at 257 

each phase angle was calculated using all 20-year (2000 to 2019) valid observations of a given 258 

pixel in our study area. Histograms of valid MISR spectral DHR at each SZA accumulated over 259 

the 20-year period (2000 to 2019) were calculated for each pixel. The most probable values were 260 

used to represent spectral DHR of regions as a function of SZA. For analysis of interannual 261 

changes, we used median BRFs over the period of 2000-2002 and 2017-2019 to represent the start 262 

and the end period, respectively. 263 

 264 

�����,QWHUSUHWDWLRQ�RI�IRUHVW�%5) 265 

Reflectance of dense vegetation such as the Congolese forests saturates and becomes weakly 266 

sensitive to vegetation changes. At the same time, the satellite data are strongly influenced by 267 

changing sun-sensor geometry. This makes it difficult to discriminate between vegetation changes 268 

and effects of sun-sensor geometry. This section provides an overview of a new approach to detect 269 

changed in properties of dense vegetation using angular distribution of forest reflected radiation 270 

as a source of diagnostic information. This methodology will be used in Section 3.1 and Section 271 

3.4 to corroborate seasonal and long-term variation in leaf area. 272 

 273 

In the case of vegetation canopies with a dark background or sufficiently dense vegetation 274 

where the impact of the canopy background is negligible, the BRF can be approximated as 275 

(Knyazikhin et al. 2013): 276 

 277 

��	஛ሺȳ଴ǡȳሻ ൌ
ሺȳ଴ǡȳሻ݅଴ߩ
ͳ െ ݌ ൈ

߱ఒሺͳ െ ሻ݌
ͳ െ ఒ߱݌

� (2) 

 278 

The first factor on the right-hand side of Eq (2),ߩሺȳ଴ǡȳሻ݅଴ ሺͳ െ ሻΤ݌ , is the Directional Area 279 

Scattering Factor (DASF), which describes the canopy BRF if the foliage does not absorb 280 

radiation. The second factor, ߱ఒሺͳ െ ሻ݌ ሺͳ െ ఒሻΤ߱݌ , is the Canopy Scattering Coefficient (CSC), 281 

i.e., the fraction of intercepted radiation that has been reflected from, or diffusively transmitted 282 

through, the vegetation. Unlike canopy reflectance and transmittance, the CSC quantifies 283 

scattering event per unit leaf surface and therefore conveys information about leaf optical 284 
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properties. Here ȳ଴̱ሺ���ǡ ���ሻ and ȳ̱ሺ���ǡ���ሻ are unit vectors directed from target to the 285 

sun and sensor, respectively; ݅଴ is the canopy interceptance defined as the portion of photons from 286 

the incident solar beam that collide with foliage elements for the first time. The symbol 287 ߩ 

designates the directional escape probability, i.e., the probability by which a photon scattered by a 288 

foliage element will exit the vegetation in the direction ȳ through gaps. Spherical integration of 289 

ߩଵିߨ ή ሻ results in ͳܣሺܸܼݏ݋ܿ െ  is the recollision probability, defined as the probability 290 ݌ where ,݌

that a photon scattered by a foliage element in the canopy will interact within the canopy again 291 

(Yang et al. 2017). Finally, ߱ఒ  is the wavelength dependent leaf albedo, i.e., the fraction of 292 

radiation incident on a leaf surface that is reflected or transmitted (Huang et al. 2007; Knyazikhin 293 

et al. 2011; Wang et al. 2003). We used Eq. (2) to interpret the BRF of Congolese forests. A short 294 

summary of its key properties is given below. 295 

 296 

The spectrally invariant DASF is a function of canopy geometrical properties, such as the tree 297 

crown shape and size, spatial distribution of trees on the ground, and within-crown foliage 298 

arrangement (Knyazikhin et al. 2013). Since our study is focused on structurally intact and 299 

undisturbed region of the Congolese forests (i.e., no changes in forest geometry), only variation in 300 

leaf area can cause variation in DASF. At a given SZA, DASF increases with LAI in all phase 301 

angles. At a given LAI, the DASF exhibits a sharp increase as phase angle tends to zero and reaches 302 

its maximum value in the retro-illumination direction. This phenomenon is known as the hot spot 303 

effect. Increasing SZA with constant LAI results in an asymmetric transformation of the DASF, 304 

i.e., increase in its magnitude in backscattering directions, and changes in the range of DASF 305 

variations for positive and negative phase angles. This asymmetric transformation also can cause 306 

the two DASF signatures to intersect. More details about the effects of changing SZA and LAI on 307 

BRF can be found in (Bi et al. 2015).  308 

 309 

The spectrally varying CSC is a function of the recollision probability and leaf optics. It 310 

increases with the leaf albedo: the more the leaves scatter, the brighter the canopy. As the 311 

recollision probability increases with LAI, an increase in LAI triggers an opposite tendency: more 312 

photon-foliage interactions and consequently a higher chance for photon to be absorbed. This tends 313 

to lower CSC. Such variations trigger a competing process: increase in LAI tends to darken the 314 

vegetation while increase in leaf albedo suppresses it. Note that DASF increases with LAI. This 315 
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not only compensates for a decrease in the CSC but also makes the BRF an increasing function 316 

with respect to leaf albedo and LAI.  317 

 318 

The leaf albedo is close to unity, ߱ఒ̱ͳ at weakly absorbing wavelengths such as NIR. In the 319 

case of dense vegetation, the recollision probability saturates and become weakly sensitive to LAI. 320 

In many instances, variation in LAI with leaf albedo unchanged cannot explain the magnitude of 321 

observed variation in CSC under the reflectance saturation conditions. Leaf albedo becomes a key 322 

parameter that controls changes in the CSC. A detailed mathematical analysis of variation in the 323 

CSC when LAI and leaf albedo vary simultaneously can be found in (Samanta et al. 2012).  324 

 325 

The leaf albedo is close to zero, ߱ఒ̱Ͳ at strongly absorbing wavelengths. The contribution of 326 

multiple scattered photons to BRF and CSC is negligible. A decrease in LAI while holding leaf 327 

optics constant necessarily causes a decrease in BRF. The lack of BRF decrease indicates an 328 

increase in leaf albedo. Clearly this is also true for DHR, which is just hemispherically integrated 329 

BRF. We will use this property to detect changes in leaf albedo.  330 

 331 

We followed a methodology documented in (Marshak and Knyazikhin 2017; Song et al. 2018) 332 

to approximate DASF. In this approach, the green and NIR wavelengths are used. Given the BRF 333 

at these two wavelengths, the estimate DASF is as: 334 

 335 

���	 ൌ
��	୥୰ୣୣ୬��	୒୍ୖ

��	୥୰ୣୣ୬ െ ୒୍ୖ	��ሺߚ െ ��	୥୰ୣୣ୬ሻ
�Ǥ� (3) 

 336 

Here ��	୥୰ୣୣ୬  and ��	୒୍ୖ  are BRF at green and NIR wavelengths, ߚ ൌ ሺͳ െ ߱୒୍ୖሻ߱୥୰ୣୣ୬Ȁ337 

ሺ߱୒୍ୖ െ ߱୥୰ୣୣ୬ሻ, and ߱୥୰ୣୣ୬  and ߱୒୍ୖ stand for leaf albedo at green and NIR spectral bands. 338 

DASF defined by Eq. (3) does not vary with variation in ߱୥୰ୣୣ୬  and ߱୬୧୰  as long as canopy 339 

structure remains unchanged. We used the leaf level albedo of the brightest leaf, whose values at 340 

green and NIR spectral bands were ߱ହହହ ൌ ͲǤͶ͹ʹ, ଼߱଺ହ ൌ ͲǤͻ͹ͺ for MISR and ߱ହହଵ ൌ ͲǤͶͻͲ, 341 

߱଻଻ଽ ൌ ͲǤͻ͹ͻ for EPIC. These valueV�ZHUH� REWDLQHG� IURP�/HZLV� DQG�'LVQH\¶V� DSSUR[LPDWLRQ�342 

(Lewis and Disney 2007) of the PROSPECT model (Féret et al. 2008) with the following 343 

SDUDPHWHUV��FKORURSK\OO�FRQWHQW�RI����ȝJ�FPí�; equivalent water thickness of 0.005 cmí�, and dry 344 
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matter content of 0.002 g cmí�. It was shown that retrieval of DASF using this methodology is 345 

weakly sensitive to the uncertainties in the spectral properties of the atmospheric optical depth 346 

above the canopy, and the spectral CSC is very sensitive to the presence of chlorophyll in the scene 347 

(Marshak and Knyazikhin 2017). 348 

 349 

�����&RUUHODWLRQ�DQG�WUHQGV�DQDO\VLV 350 

Correlation of monthly average leaf area and the corresponding climatic variables (e.g., 351 

SUHFLSLWDWLRQ�� 3$5�� ZDV� DVVHVVHG� XVLQJ� 3HDUVRQ¶V� FRUUHODWLRQ� FRHIILFLHQW�� 7UHQGV� LQ� VHDVRQDO�352 

average variables (e.g., LAI) for the period of 2000 to 2012 and 2000 to 2019 were evaluated by 353 

ordinary least square (OLS) regression test using noise-removed dataset��DQG�WKH�WUHQGV�ZLWK�3���354 

0.1 were considered as statistically significant in this study to make our results comparable with 355 

those reported in (Zhou et al. 2014).  356 

 357 

3. Results 358 

�����6HDVRQDO�YDULDWLRQ�RI�OHDI�DUHD�DQG�OHDI�RSWLFV 359 

Monthly precipitation data over the Congolese forests show a bimodal variation that suggests 360 

two wet and two dry seasons during the year. It varies between its maximum of about 219 mm in 361 

October and the minimum of about 86 mm in January (Figure 1). The wet seasons occur in March-362 

April-May (MAM, wet season 1) and September-October-November (SON, wet season 2), while 363 

dry season months are December-January-February (DJF, dry season 1) and June-July-August 364 

(JJA, dry season 2) (Figure 1 and Supplementary Information Figure S3a). The PAR data exhibit 365 

a quasi-bimodal pattern, although somewhat less distinctly: clear-cut variations from December to 366 

October and a weak oscillation from October to December (Figure 1 and Supplementary 367 

Information Figure S3). The sub-seasonal cycle 1 from December to May (dry season 1 and wet 368 

season 1) shows less precipitation and more PAR, while cycle 2 from June to December has more 369 

precipitation and less PAR (Figure 1 and Supplementary Information Figure S3). Monthly average 370 

LAI and EPIC NIR BRF data over the Congolese forests also exhibit notable bimodal seasonal 371 

variations, which follow the patterns of precipitation (Figure 1 and Supplementary Information 372 

Figure S3a and b). LAI varies between its maximum of about 5.7 during the wet seasons and a dry 373 

season minimum of about 4.6.  374 
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Congolese forests can be further divided into four phenological regions based on normalized 375 

20-year mean monthly climatology of precipitation, PAR and LAI using a K-means clustering 376 

method, which is an unsupervised measure to find similar features from multiple inputs (Celik 377 

2009; Xu et al. 2015). We use the four-cluster partition in this study because clusters are big 378 

enough to accumulate valid data for statistical analyses and their respective homogeneities are 379 

preserved (Figure 2). Other numbers of clusters are also tested to find an optimal partitioning, and 380 

all clusters were generally parallel to the Equator (Supplementary Information Figure S4), likely 381 

because the seasonality of these forests is mainly controlled by the migration of the tropical rain 382 

belt and variation of solar radiation along the latitude. Distinct seasonal patterns of climatic and 383 

vegetation variables are clearly seen in all phenological regions across the Congo Basin (Figure 384 

3). The amplitude of all variables tends to increase from region 1 (north) to region 3 (south) 385 

between March and October, which makes the bimodality more distinct. The highland forest 386 

(region 4) is characterized by lower LAI values and higher rainfall compared to its lowland 387 

counterparts, which is typical of montane forests. The EPIC sensor likely sees different slopes of 388 

the mountains; hence the NIR BRF is somewhat less synchronized with LAI compared to other 389 

regions. We exclude this region from further analyses given its smaller areal extent and specific 390 

character. 391 

  392 

Spectrally invariant DASF is a function of canopy geometrical properties, such as the tree 393 

crown shape and size, and leaf area density within the canopy. The DASF derived from MISR and 394 

EPIC observations of selected regions during wet and dry seasons are different (Figure 4, left 395 

Panels), showing a districting decrease in all directions from wet (October, November) to dry 396 

(January) seasons. Such a downward shift in DASF can only result from a negative change in LAI 397 

because other structural variables, such as tree crown shape and size do not vary seasonally in our 398 

forests. BRF at NIR spectral band exhibits similar behavior: a decrease in reflected radiation in all 399 

directions from October (November) to January (Supplementary Information Figure S5), which 400 

suggests more green leaves during the wet season. The CSC shows an opposite tendency, i.e., a 401 

positive increase between wet and dry seasons at all spectral bands (Figure 4, right panels). The 402 

decline in LAI is one reason for the observed increase (Section 2.3). A change in leaf albedo is 403 

another reason that can impact this coefficient (Section 2.3). Decrease in leaf albedo lowers the 404 
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CSC value whereas its increase results in the positive change of the CSC value. The question then 405 

arises whether one can detect changes in the leaf albedo given changes in the CSC.  406 

 407 

A reduction of leaf area tends to decrease forest canopy reflectance (BRF and consequently 408 

DHR). At strongly absorbing red (672 nm) wavelength, however, the DHR has increased between 409 

wet and dry seasons from 0.014 to about 0.024 in regions 1 and 2 and from 0.015 to 0.018 in region 410 

3 (Figure 4, left panels). This increase in DHR with decreasing LAI necessarily indicates an 411 

increase in leaf albedo (Section 2.3). This also takes place for strongly absorbing blue (446 nm) 412 

and moderately absorbing green (551 nm) wavelengths: no decrease in DHR from wet to dry 413 

season. This suggests an increase in leaf albedo at visible spectral bands. At NIR (866 nm) 414 

wavelength, forest canopy reflectance and CSC show opposite tendencies, namely, BRF (and 415 

DHR) decrease whereas CSC increases between wet and dry seasons. Similar tendencies were 416 

documented for the Amazonian rainforests (Köhler et al. 2018) and for sufficiently dense broad- 417 

and needleleaf forests in the USA (Knyazikhin et al. 2013). A decrease in LAI (and consequently, 418 

the recollision probability) tends to increase the CSC (Section 2.3). Under saturation conditions, 419 

however, the change in the recollision probability is negligible. The observed variation in CSC is 420 

therefore likely due to a positive change in the leaf albedo. 421 

 422 

The sensitivity analyses based on the PROSAIL model (Jacquemoud et al. 2009) suggest that 423 

under saturation conditions (LAI>4), the scattering coefficient is nearly insensitive to variations in 424 

LAI and SZA (Supplementary Information Figure S6, panels a and b). The observed changes in 425 

the CSC between wet and dry seasons therefore are not due variation in LAI and SZA. In the 426 

spectral interval between 450 nm and about 750 nm, chlorophyll is the dominant pigment that 427 

absorbs radiation primarily in the blue and red regions of the spectrum, less in in the green and 428 

essentially none in NIR. This feature makes the CSC sensitive to its concentration in the green and 429 

flat in NIR spectral bands (Supplementary Information Figure S6, panel c). The chlorophyll 430 

absorption spectrum declines rapidly with wavelength near the red spectral region and vanishes at 431 

about 770 nm, resulting in a sharp jump in the spectrum of leaf albedo from its minimum to a 432 

plateau around 800 nm. The magnitude of this plateau is controlled by the amount of dry matter. 433 

This imparts sensitivity of the NIR CSC to the concentration of dry matter (Supplementary 434 

Information Figure S6, plot d).  435 
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In summary, seasonal variation of leaf area in Congolese forests co-varies with the bimodal 436 

precipitation pattern, with higher values during the wet seasons. The bimodal pattern is different 437 

in the three identified regions, with its bimodality more distinct from the south to the north. The 438 

canopy scattering coefficient exhibits an opposite tendency: its value increases from wet to dry 439 

and decreases from dry to wet seasons. These variations can be linked to variation in the 440 

concentrations of chlorophyll and/or dry matter in green leaves.  441 

 442 

�����6HQVLWLYLW\�RI�OHDI�DUHD�WR�FKDQJHV�LQ�SUHFLSLWDWLRQ 443 

3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQWV�EHWZHHQ�PRQWKO\�DYHUage precipitation, PAR and LAI for 444 

the identified regions (Figure 2) and seasonal periods are shown in Table 2. With the exception of 445 

region 3 and seasonal cycle 1, a significant positive correlation between precipitation and LAI is 446 

observed. Moreover, the time series of 20-year monthly precipitation and LAI over the Congolese 447 

forests are also significantly positively correlated (R=0.67, P<0.01, Supplementary Information 448 

Figure S7). Such correlations between LAI and PAR (P<0.01) are found in regions 1 to 3 during 449 

the cycle 2 (June through November) and in region 3 during the cycle 1 (December through May). 450 

These variables are negatively correlated (P<0.1) in region 1 during cycle 1 (Table 2). 451 

 452 

We estimate the sensitivity, ο��� ο�������������Τ , of monthly LAI to changes in precipitation 453 

for different regions and seasonal cycles using the slopes of linear regressions. The overall 454 

sensitivity of LAI to changes in precipitation varies between regions and depends on the seasonal 455 

cycle. It tends to decrease from north to south for the full seasonal cycle (December to November) 456 

(Figure 5a). The regions show weak variation of the sensitivity within seasonal cycles (cf. Figure 457 

5b and 5c). LAI exhibits a stronger response to changes in the precipitation during the seasonal 458 

cycle 1 (December to June). This difference is due to very different distributions of precipitation, 459 

PAR and climatic water deficit during cycles 1 and 2 (Supplementary Information Figure S8). 460 

More precipitation occurs in cycle 2 than in cycle 1, causing a higher climatic water deficit. Thus, 461 

LAI in our forests is more sensitive to the changes in precipitation during cycle 1.  462 

 463 
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�����/RQJ�WHUP�WUHQGV�LQ�OHDI�DUHD� 464 

A widespread decline in Congolese rainforest greenness over the 2000-2012 period has been 465 

recently reported (Jiang et al. 2019; Raghavendra et al. 2020; Zhou et al. 2014). This result 466 

however was questioned, suggesting no significant browning signal in the 2000 to 2017 period 467 

(Chen et al. 2019; Piao et al. 2020). These contradictory results justify a re-examination of the 468 

long-term trend in greenness of the Congolese forests. Here, we reproduce linear trends in C5 EVI 469 

and precipitation in April-May-June for the 2000 to 2012 period as reported in (Zhou et al. 2014) 470 

and for an extended period of 2000 to 2019 first, and then generate linear trends in C6 EVI, NDVI 471 

and LAI for the same periods.  472 

 473 

The MODIS C5 EVI declines over 98% of the study area, with 54% showing a significant 474 

negative trend (P<0.1) (Figure 6a). TRMM precipitation declines over 77% of the area with 13% 475 

indicating significant change with P<0.1 (Figure 6b). These results suggest decrease in rainfall and 476 

widespread decline in Congo rainforest greenness from �����WR�������1RWH�WKDW�³GU\LQJ�DUHD´�LV�477 

reduced from 77% to 63% (13% to 5% with P<0.1) for the period of 2000 to 2019.  478 

 479 

The widespread decline of Congo rainforest greenness in the 2000 to 2012 period has 480 

disappeared in the latest Collection 6 MODIS data (Figure 6, middle panels). Our re-analyses 481 

suggest declines in EVI, NDVI and LAI over 43% to 51% of the study area with only 2% to 5% 482 

showing significant negative trends (P<0.1). For the longer period (2000 to 2019), the browning 483 

areas have been reduced to 19%-42%, with ɚ negative trends below 4% (P<0.1) (Figure 6, lower 484 

panels). The difference in the trends is attributable to Terra MODIS sensor degradation found in 485 

C5 data (Wang et al. 2012; Zhang et al. 2017). 486 

 487 

The regional mean precipitation and PAR over 20 years do not show significant positive or 488 

negative trends for all seasons across the Congo basin because of strong interannual variability 489 

(Supplementary Information Figure S9). The regional mean LAI, however, increases by 0.0865 490 

(P=0.0168) per decade during wet season 1 (March to May) from 2000 to 2019 (Supplementary 491 

Information Figure S9b), and the leaf area trends are also positive but not significant for the other 492 

wet or dry seasons (Supplementary Information Figure S9a, c, d).  493 

 494 
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�����,PSDFW�RI�drying trends�RQ�OHDI�DUHD�DQG�OHDI�RSWLFV 495 

Here we focus on a South-East part (0.5°N-2.5°S, 25.5°E-28.5°E) of our study area, where a 496 

significant precipitation decline is observed (Figures 7a and b), with the goal of understanding the 497 

impact of this event on changes in forest structure and leaf optics.  498 

 499 

With the exception of NDVI in the dry season 2 (June to August), no significant decline or 500 

increase in trends in regional mean NDVI, EVI and LAI over the past two decades are detected. 501 

The time series of LAI and EVI are found to be strongly correlated with R=0.56 (P<0.01) in wet 502 

season 1 (MAM) and R=0.74 (P<0.01) in dry season 2 (JJA).  503 

 504 
Next, we examine MISR BRFs at NIR (866 nm) spectral band over the region with significant 505 

drying happened during the early (2000-2002) and later (2017-2019) part of the 20-year 506 

observation period. Reflectance in April (wet season) and June (dry season) are under almost 507 

identical observation and illumination conditions (Figure 8 left panels). No significant differences 508 

in magnitude and shape of angular signatures of the reflected radiation at the beginning and the 509 

end of our observation period have been detected. Similarly, no changes in the canopy spectral 510 

coefficient at all MISR spectral bands are found. These findings suggest no changes in structure 511 

and leaf optics of the Congolese forests before and after the observed drying event. Thus we 512 

conclude, MODIS NDVI, EVI and LAI long-term records and MISR angular signatures of forest 513 

reflected radiation show no signs of long-term drying impact on structure and leaf optics of the 514 

Congolese forests. 515 

 516 

4. Discussion 517 

Tropical rainforests play an essential role in modulating regional climate, surface energy 518 

balance DQG� WKH� (DUWK¶V� FDUERQ� F\FOH (Chen et al. 2020; Cook et al. 2020). Understanding the 519 

seasonal and long-term variations in the structure and function of these ecosystems is crucial to 520 

prognosing their response to climate change (Bi et al. 2015). The equatorial central African 521 

rainforests, the second-largest on Earth after the Amazonian rainforests, is still lacking systematic 522 

analyses of its phenological behavior and interannual variation. The purpose of this study is to 523 

analyze seasonal changes and long-term trends in leaf area in intact and undisturbed regions of the 524 
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Congolese rainforests (Supplementary Information Figure S1) using remote sensing data from the 525 

past two decades. We focus on the analysis on three regions identified with normalized 20-year 526 

mean monthly climatology of precipitation, PAR and LAI by using a K-means clustering 527 

algorithm, an unsupervised measure to find similar features from multiple inputs (Figure 2). This 528 

clustering technique also localizes a highland region in the southeast part (Region 4 in Figure 2) 529 

that represents a montane ecosystem.  530 

 531 

Monthly precipitation data from TRMM show a bimodal variation over the Congolese 532 

rainforest, suggesting two dry (December-January-February and June-July-August) and two wet 533 

(September-October-November and March-April-May) seasons (Figure 3). This is consistent with 534 

other precipitation datasets, such as Global Precipitation Climatology Centre (GPCC), Global 535 

Precipitation Climatology Project (GPCP) and Climatic Research Unit (CRU) (Jiang et al. 2019; 536 

Raghavendra et al. 2020; Sorí et al. 2017). Monthly average LAI from MODIS and forest canopy 537 

reflectance from EPIC follow seasonal patterns of precipitation, with higher values during the wet 538 

seasons (Figure 3). The PAR incident on the forest canopy also exhibits a bimodal pattern, 539 

although somewhat less distinct: clear-cut variations from December to October and a weaker 540 

oscillation from October to December. Sub-seasonal cycle from December to May shows less 541 

precipitation and more PAR, while the cycle from June to December has more precipitation and 542 

less PAR (Figure 3). The bimodal patterns vary latitudinally with the amplitude increasing from 543 

North to South (Figure 3). 544 

 545 

The MODIS LAI values used in this research are mostly retrieved under the condition of 546 

reflectance saturation. The seasonality of satellite data-based LAI may therefore result from a 547 

decreased retrieval accuracy and/or variation in sun-satellite sensor geometry (Galvão et al. 2011; 548 

Morton et al. 2014). We develop a new approach that allows us to unambiguously detect changes 549 

in properties of the Congolese rainforest using angular variation of forest BRF as a source of 550 

diagnostic information. This methodology is applied to obtained independent observational 551 

evidence from MISR and EPIC data in support of the validity of the satellite derived seasonal 552 

variation in leaf area. Angular variations of forest DASF and canopy reflectance observed by the 553 

MISR and EPIC sensors clearly show seasonal increases and decreases in the amount of radiation 554 

reflected by the Congolese forests in all directions simultaneously (Figure 4; Supplementary 555 
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Information Figure S5). Such changes can only be attributed to corresponding seasonal increases 556 

and decreases of LAI. This corroborates the seasonal behavior of leaf area derived from the 557 

MODIS observations. We also find that the canopy scattering coefficient exhibits an opposite 558 

tendency: its value increases from wet to dry and decreases from dry to wet seasons in the 559 

Congolese rainforests (Figure 4, right panels). Similar tendencies were also found in Amazonian 560 

rainforests (Köhler et al. 2018). Such variation can be linked to variation in the concentrations of 561 

chlorophyll and/or dry matter in green leaves (Supplementary Information Figure S6). In 562 

summary, our approach based on exploiting angular variation of forest reflected radiation as a 563 

source of diagnostic information, rooted in physics of radiative transfer, allows us to 564 

unambiguously detect changes in canopy structure and leaf optics. This undoubtedly offers the 565 

benefit of greater reliability of our conclusion. 566 

 567 

A significant positive correlation between precipitation and LAI is observed for our study area 568 

and seasonal cycles (Table 2). The time series of 20-year monthly precipitation and LAI over the 569 

Congolese forests are significantly positively correlated (R=0.67, P<0.01, Figure S7). Whereas 570 

LAI and precipitation are always positively correlated, correlation between LAI and PAR can be 571 

both negative as during cycle 1 in regions 1 and 2 and positive as in cycle 2 (Table 2). These 572 

findings suggest that the observed seasonality of LAI is mainly controlled by precipitation in the 573 

Congolese rainforests (Gond et al. 2013; Yan et al. 2016a), as contrast to its Amazonian 574 

counterpart, where LAI is positive correlated with PAR (Bi et al. 2015; Brando et al. 2010; Huete 575 

et al. 2006; Myneni et al. 2007). Abundant annual precipitation (2,332 mm yr-1) creates a well-576 

hydrated environmental condition in the Amazonian rainforests (Yang et al. 2018a), thus the water 577 

is not a main limitation and higher leaf area appears during the sunlight-ULFK�GU\�VHDVRQ��Ⱥ�GHFUHDVH�578 

in annual precipitation (1,775 mm yr-1) makes the leaf flushing and photosynthesis in the 579 

Congolese rainforests more dependent on water supply, especially in dry season when the monthly 580 

precipitation can fall below 90 mm (Figure 1). Less solar radiation during the dry season (Figure1 581 

and Supplementary Information Figure S3) may lead to lower leaf area in the Congolese 582 

rainforests. This, however, can only explain LAI decrease in dry season 2 (JJA). In addition, a 583 

low-level cloudiness developing during the dry season 2 causes high quality of light that sustain a 584 

more efficient photosynthesis (Mercado et al. 2009; Philippon et al. 2019), which should benefits 585 

leaf area growing. Hence, water supply is believed as the main limitation for seasonal leaf area 586 
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variation. From the ecological perspective, the difference in the total annual precipitation and its 587 

diverse intra-annual variability strongly influence phenological behavior of rainforests and other 588 

vegetation types in the tropical regions (Ndehedehe et al. 2019; Yan et al. 2017).  589 

 590 

Distinct spatiotemporal dependence of leaf area sensitivity to the seasonal variation in 591 

precipitation is observed in the Congo basin. The sensitivity of LAI to changes in precipitation 592 

tends to decrease from north to south for the full seasonal cycle (December to November, Figure 593 

5a). The phenological regions (Figure 2) show weak variations of the sensitivity within a seasonal 594 

cycle (cf. Figure 5b and 5c). LAI exhibits a stronger response to changes in precipitation from 595 

December to June compared to the second seasonal cycle (June to November). This difference is 596 

attributed to very different distributions of precipitation, PAR and climatic water deficit during the 597 

two seasonal cycles (Supplementary Information Figure S8). Note that only very few factors were 598 

accounted for in our analyses. Further analyses of combined effects of precipitation, PAR, and 599 

other factors are needed to obtain a comprehensive insight into the causes of leaf area seasonal 600 

variation. Besides, a better understanding of the phenological response of Congolese rainforests 601 

depends on further in situ studies as satellite data can only complement but not substitute field 602 

data. 603 

 604 

A widespread decline in Congolese rainforest greenness over the 2000-2012 period has been 605 

recently reported (Jiang et al. 2019; Raghavendra et al. 2020; Zhou et al. 2014). This result 606 

however was questioned, suggesting no significant browning signal in the 2000 to 2017 period 607 

(Chen et al. 2019; Piao et al. 2020). These contradictory results justify a re-examination of the 608 

long-term trend in greenness of the Congolese forests.  609 

 610 

We reproduce their result using the same Terra MODIS C5 EVI data (Figure 6, upper panels), 611 

which is then compared to that from the latest MODIS C6 EVI dataset. We find that the widespread 612 

decline of Congo rainforest greenness disappear in the latest C6 MODIS data (Figure 6, middle 613 

and lower panels): only 2% to 3% of the forests show significant negative trends in EVI, NDVI 614 

and LAI (P<0.1) compared to 54% (P<0.1) decline in EVI reported in (Zhou et al. 2014). The 615 

difference in the trends detected by C5 and C6 EVIs is attributed to the Terra MODIS sensor 616 

degradation for the period after 2007 (Lyapustin et al. 2014; Wang et al. 2012; Zhang et al. 2017). 617 
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Moreover, a significant increase in total aerosols over the Congolese rainforests within the last 618 

decade has been detected (Moparthy et al. 2019). This can amplify the apparent long-term trends 619 

of canopy greenness these changes in aerosol loads are not correctly taken into account. C6 data 620 

reprocessing has significantly alleviated these problems (Detsch et al. 2016; Zhang et al. 2017) 621 

and made the result more credible.  622 

  623 

A significant precipitation decline has been observed in the South-East part of our study area 624 

(Figures 7a and b). However, no significant decline or increase in trends in regional mean NDVI, 625 

EVI and LAI over the past two decades are detected (Figures 7c and d). The time series of LAI 626 

and EVI are found to be strongly correlated with R=0.56 (P<0.01) during wet (March-April-May) 627 

and R=0.74 (P<0.01) during dry (June-July-August) seasons. We also find no significant 628 

differences in magnitude and shape of angular distribution of forest reflected radiation and leaf 629 

optics at the beginning and the end of our observation period (Figure 8). Thus, MODIS NDVI, 630 

EVI and LAI long-term records and MISR angular signatures of forest reflected radiation show no 631 

signs of drying impact on structure and leaf optics even in the South-East part of the Congolese 632 

forests where a significant drying is observed.  633 

 634 

Long-term drying does not induce vegetation degradation, and possible explanations for the 635 

neutral response of leaf area to the declines in precipitations at the seasonal and inter-annual scales 636 

could be given as follows. First, the decrease in monthly precipitation under a long-term drying 637 

condition is much smaller compared to a wet-to-dry precipitation amplitude of about 219 mm to 638 

86 mm (Figure 1), which still can satisfy plant water demands. Dry frequency is not high enough 639 

to suppress compensation of water supply from other months or seasons, allowing the forest to 640 

endure precipitation deficit. Second, decades of long-term drying in the Congolese rainforests may 641 

result in more drought-adapted species compared with other tropical forests, and this adaptive 642 

mechanisms by utilization of soil water reserves can tolerate water deficit short-time events (Asefi-643 

Najafabady and Saatchi 2013; Borchert 1998). Third, suitable climate conditions²slight 644 

temperature increase and climatic water deficit decline (Supplementary Information Figure S10), 645 

may benefit the growth of vegetation (Li et al. 2019) and in turn offset the negative impact from 646 

precipitation decline. More comprehensive explorations, such as model-based study, on this debate 647 

are still needed in the future investigation to get a better understanding. 648 
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5. Conclusion 649 

This study comprehensively evaluated the seasonality and long-term trends of leaf area in 650 

Congolese forests with multiple remotely sensed datasets. We found that the seasonal variations 651 

of leaf area from MODIS data co-vary with the bimodal precipitation pattern, with higher values 652 

during the wet season, and the bimodal patterns vary latitudinally within this large region. Angular 653 

reflectance signatures derived from MISR and EPIC data further corroborated this seasonal 654 

behavior of leaf area. Two sub-seasonal cycles, each consisting of a dry and wet season, exhibited 655 

different leaf area sensitivities to changes in precipitation. No widespread decline in leaf area was 656 

detected across the Congolese rainforest over the past two decades with the latest MODIS C6 657 

dataset. Long-term drying did happen in some local areas of Congolese forests; however, those 658 

had minimal impacts on leaf area detected from MODIS and MISR observations. 659 

 660 
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0X�� 4��� +HLQVFK�� )�$��� =KDR�� 0��� 	� 5XQQLQJ�� 6�:�� �������� 'HYHORSPHQW� RI� D� JOREDO�813 
HYDSRWUDQVSLUDWLRQ�DOJRULWKP�EDVHG�RQ�02',6�DQG�JOREDO�PHWHRURORJ\�GDWD��5HPRWH�6HQVLQJ�RI�814 
(QYLURQPHQW�������������� 815 

0X�� 4��� =KDR�� 0��� 	� 5XQQLQJ�� 6�:�� �������� ,PSURYHPHQWV� WR� D� 02',6� JOREDO� WHUUHVWULDO�816 
HYDSRWUDQVSLUDWLRQ�DOJRULWKP��5HPRWH�6HQVLQJ�RI�(QYLURQPHQW���������������� 817 

0\QHQL��5�%���<DQJ��:���1HPDQL��5�5���+XHWH��$�5���'LFNLQVRQ��5�(���.Q\D]LNKLQ��<���'LGDQ��.���818 
)X��5���1HJUyQ�-XiUH]��5�,���6DDWFKL��6�6���+DVKLPRWR��+���,FKLL��.���6KDEDQRY��1�9���7DQ��%���5DWDQD��819 
3���3ULYHWWH�� -�/���0RULVHWWH�� -�7���9HUPRWH��(�)���5R\��'�3���:ROIH��5�(���)ULHGO��0�$���5XQQLQJ��820 
6�:���9RWDYD��3���(O�6DOHRXV��1���'HYDGLJD��6���6X��<���	�6DORPRQVRQ��9�9����������/DUJH�VHDVRQDO�821 
VZLQJV�LQ�OHDI�DUHD�RI�$PD]RQ�UDLQIRUHVWV��3URFHHGLQJV�RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�������822 
��������� 823 

1GHKHGHKH�� &�(��� )HUUHLUD�� 9�*��� 	� $JXWX�� 1�2�� �������� +\GURORJLFDO� FRQWUROV� RQ� VXUIDFH�824 
YHJHWDWLRQ�G\QDPLFV�RYHU�:HVW�DQG�&HQWUDO�$IULFD��(FRORJLFDO�,QGLFDWRUV�������������� 825 

1LFKROVRQ��6�(����������7KH�,7&=�DQG�WKH�6HDVRQDO�&\FOH�RYHU�(TXDWRULDO�$IULFD��%XOOHWLQ�RI�WKH�826 
$PHULFDQ�0HWHRURORJLFDO�6RFLHW\������������� 827 

2OLYHLUD��5�6���'DZVRQ��7�(���%XUJHVV��6�6�2���	�1HSVWDG��'�&����������+\GUDXOLF�UHGLVWULEXWLRQ�828 
LQ�WKUHH�$PD]RQLDQ�WUHHV��2HFRORJLD�������������� 829 

3KLOLSSRQ�� 1��� &RUQX�� *���0RQWHLO�� /��� *RQG��9��� 0RURQ��9��� 3HUJDXG�� -��� 6q]H�� *��� %LJRW�� 6���830 
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&DPEHUOLQ��3���'RXPHQJH��&���)D\ROOH��$���	�1JRPDQGD��$����������7KH�OLJKW�GHILFLHQW�FOLPDWHV�831 
RI�ZHVWHUQ�&HQWUDO�$IULFDQ�HYHUJUHHQ�IRUHVWV��(QYLURQPHQWDO�5HVHDUFK�/HWWHUV������������ 832 

3LDR�� 6��� :DQJ�� ;��� 3DUN�� 7��� &KHQ�� &��� /LDQ�� ;��� +H�� <��� %MHUNH�� -�:��� &KHQ��$��� &LDLV�� 3���833 
7¡PPHUYLN��+���1HPDQL��5�5���	�0\QHQL��5�%����������&KDUDFWHULVWLFV��GULYHUV�DQG�IHHGEDFNV�RI�834 
JOREDO�JUHHQLQJ��1DWXUH�5HYLHZV�(DUWK�	�(QYLURQPHQW���������� 835 

3LHUUHW��$���0DHJKW��-��/���&OpPHQW��&���0RQWRURL��-��3���+DUWPDQQ��&���	�*RQNKDPGHH��6����������836 
8QGHUVWDQGLQJ�GHHS�URRWV�DQG�WKHLU�IXQFWLRQV�LQ�HFRV\VWHPV��DQ�DGYRFDF\�IRU�PRUH�XQFRQYHQWLRQDO�837 
UHVHDUFK��$QQDOV�RI�%RWDQ\�������������� 838 

3LUHV�� *�)��� 	� &RVWD�� 0�+�� �������� 'HIRUHVWDWLRQ� FDXVHV� GLIIHUHQW� VXEUHJLRQDO� HIIHFWV� RQ� WKH�839 
$PD]RQ�ELRFOLPDWLF�HTXLOLEULXP��*HRSK\VLFDO�5HVHDUFK�/HWWHUV��������������� 840 

5DJKDYHQGUD��$��� =KRX�� /��� -LDQJ��<��� 	� +XD��:�� �������� ,QFUHDVLQJ� H[WHQW� DQG� LQWHQVLW\� RI�841 
WKXQGHUVWRUPV�REVHUYHG�RYHU� WKH�&RQJR�%DVLQ�IURP������WR�������$WPRVSKHULF�5HVHDUFK�������842 
����� 843 

5DJKDYHQGUD��$���=KRX��/���5RXQG\��3�(���-LDQJ��<���0LOUDG��6�0���+XD��:���	�;LD��*����������7KH�844 
0-2¶V�LPSDFW�RQ�UDLQIDOO�WUHQGV�RYHU�WKH�&RQJR�UDLQIRUHVW��&OLPDWH�'\QDPLFV��������������� 845 

5RXVH��-�:���+DDV��5�+���6FKHOO��-�$���	�'HHULQJ��'�:����������0RQLWRULQJ�9HJHWDWLRQ�6\VWHPV�LQ�846 
WKH�*UHDW�3ODLQV�ZLWK�(UWV��,Q��7KLUG�(DUWK�5HVRXUFHV�7HFKQRORJ\�6DWHOOLWH���6\PSRVLXP��9ROXPH�847 
,��7HFKQLFDO�3UHVHQWDWLRQV��:DVKLQJWRQ��'�&���1$6$ 848 

5XWDQ��'�$���.DWR��6���'RHOOLQJ��'�5���5RVH��)�*���1JX\HQ��/�7���&DOGZHOO��7�(���	�/RHE��1�*��849 
��������&(5(6�6\QRSWLF�3URGXFW��0HWKRGRORJ\�DQG�9DOLGDWLRQ�RI�6XUIDFH�5DGLDQW�)OX[��-RXUQDO�850 
RI�$WPRVSKHULF�DQG�2FHDQLF�7HFKQRORJ\��������������� 851 

6DPDQWD��$���.Q\D]LNKLQ��<���;X��/���'LFNLQVRQ��5�(���)X��5���&RVWD��0�+���6DDWFKL��6�6���1HPDQL��852 
5�5���	�0\QHQL��5�%����������6HDVRQDO�FKDQJHV�LQ�OHDI�DUHD�RI�$PD]RQ�IRUHVWV�IURP�OHDI�IOXVKLQJ�853 
DQG�DEVFLVVLRQ��-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK��%LRJHRVFLHQFHV����� 854 

6RQJ��:���.Q\D]LNKLQ��<���:HQ��*���0DUVKDN��$���0}WWXV��0���<DQ��.���<DQJ��%���;X��%���3DUN��7���855 
	� &KHQ�� &�� �������� ,PSOLFDWLRQV� RI� :KROH�'LVF� '6&295� (3,&� 6SHFWUDO� 2EVHUYDWLRQV� IRU�856 
(VWLPDWLQJ� (DUWK¶V� 6SHFWUDO� 5HIOHFWLYLW\� %DVHG� RQ� /RZ�(DUWK�2UELWLQJ� DQG� *HRVWDWLRQDU\�857 
2EVHUYDWLRQV��5HPRWH�6HQVLQJ���������� 858 

6RUt��5���1LHWR��5���9LFHQWH�6HUUDQR��6�0���'UXPRQG��$���	�*LPHQR�� /�� ��������$�/DJUDQJLDQ�859 
SHUVSHFWLYH�RI�WKH�K\GURORJLFDO�F\FOH�LQ�WKH�&RQJR�5LYHU�EDVLQ��(DUWK�6\VWHP�'\QDPLF���������860 
��� 861 

:DQ�� =�� �������� 1HZ� UHILQHPHQWV� DQG� YDOLGDWLRQ� RI� WKH� FROOHFWLRQ��� 02',6� ODQG�VXUIDFH�862 
WHPSHUDWXUH�HPLVVLYLW\�SURGXFW��5HPRWH�6HQVLQJ�RI�(QYLURQPHQW������������ 863 

:DQJ��'���0RUWRQ��'���0DVHN��-���:X��$���1DJRO��-���;LRQJ��;���/HY\��5���9HUPRWH��(���	�:ROIH��5��864 
�������� ,PSDFW� RI� VHQVRU� GHJUDGDWLRQ� RQ� WKH� 02',6� 1'9,� WLPH� VHULHV�� 5HPRWH� 6HQVLQJ� RI�865 
(QYLURQPHQW������������ 866 
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:DQJ��<���%XHUPDQQ��:���6WHQEHUJ��3���6PRODQGHU��+���+ÅPH��7���7LDQ��<���+X��-���.Q\D]LNKLQ��<���867 
	�0\QHQL��5�%�� ��������$�QHZ�SDUDPHWHUL]DWLRQ�RI� FDQRS\� VSHFWUDO� UHVSRQVH� WR� LQFLGHQW� VRODU�868 
UDGLDWLRQ�� FDVH� VWXG\� ZLWK� K\SHUVSHFWUDO� GDWD� IURP� SLQH� GRPLQDQW� IRUHVW�� 5HPRWH� 6HQVLQJ� RI�869 
(QYLURQPHQW������������� 870 

;X��/���6DDWFKL��6�6���<DQJ��<���0\QHQL��5�%���)UDQNHQEHUJ��&���&KRZGKXU\��'���	�%L��-����������871 
6DWHOOLWH� REVHUYDWLRQ� RI� WURSLFDO� IRUHVW� VHDVRQDOLW\�� VSDWLDO� SDWWHUQV� RI� FDUERQ� H[FKDQJH� LQ�872 
$PD]RQLD��(QYLURQPHQWDO�5HVHDUFK�/HWWHUV������������ 873 

;X��/���6DPDQWD��$���&RVWD��0�+���*DQJXO\��6���1HPDQL��5�5���	�0\QHQL��5�%����������:LGHVSUHDG�874 
GHFOLQH� LQ�JUHHQQHVV�RI�$PD]RQLDQ�YHJHWDWLRQ�GXH� WR� WKH������GURXJKW��*HRSK\VLFDO�5HVHDUFK�875 
/HWWHUV���� 876 

<DQ��'���=KDQJ��;���<X��<���	�*XR��:�������D���$�&RPSDULVRQ�RI�7URSLFDO�5DLQIRUHVW�3KHQRORJ\�877 
5HWULHYHG�)URP�*HRVWDWLRQDU\��6(9,5,��DQG�3RODU�2UELWLQJ��02',6��6HQVRUV�$FURVV�WKH�&RQJR�878 
%DVLQ��,(((�7UDQVDFWLRQV�RQ�*HRVFLHQFH�DQG�5HPRWH�6HQVLQJ��������������� 879 

<DQ�� '��� =KDQJ�� ;��� <X�� <��� 	� *XR��:�� �������� &KDUDFWHUL]LQJ� /DQG� &RYHU� ,PSDFWV� RQ� WKH�880 
5HVSRQVHV�RI�/DQG�6XUIDFH�3KHQRORJ\�WR�WKH�5DLQ\�6HDVRQ�LQ�WKH�&RQJR�%DVLQ��5HPRWH�6HQVLQJ��881 
������ 882 

<DQ��.���3DUN��7���<DQ��*���&KHQ��&���<DQJ��%���/LX��=���1HPDQL��5�5���.Q\D]LNKLQ��<���	�0\QHQL��883 
5�%�� �����E���(YDOXDWLRQ�RI�02',6�/$,�)3$5�3URGXFW�&ROOHFWLRQ����3DUW����&RQVLVWHQF\�DQG�884 
,PSURYHPHQWV��5HPRWH�6HQVLQJ�������� 885 

<DQ��.���3DUN��7���<DQ��*���/LX��=���<DQJ��%���&KHQ��&���1HPDQL��5�5���.Q\D]LNKLQ��<���	�0\QHQL��886 
5�%�� �����F��� (YDOXDWLRQ� RI�02',6� /$,�)3$5� 3URGXFW� &ROOHFWLRQ� ��� 3DUW� ��� 9DOLGDWLRQ� DQG�887 
,QWHUFRPSDULVRQ��5HPRWH�6HQVLQJ�������� 888 

<DQJ��%���.Q\D]LNKLQ��<���0RWWXV��0���5DXWLDLQHQ��0���6WHQEHUJ��3���<DQ��/���&KHQ��&���<DQ��.���889 
&KRL��6���3DUN��7���	�0\QHQL��5�%����������(VWLPDWLRQ�RI�OHDI�DUHD�LQGH[�DQG�LWV�VXQOLW�SRUWLRQ�IURP�890 
'6&295�(3,&�GDWD��7KHRUHWLFDO�EDVLV��5HPRWH�6HQVLQJ�RI�(QYLURQPHQW������������ 891 

<DQJ��-���7LDQ��+���3DQ��6���&KHQ��*���=KDQJ��%���	�'DQJDO��6�������D���$PD]RQ�GURXJKW�DQG�IRUHVW�892 
UHVSRQVH��/DUJHO\�UHGXFHG�IRUHVW�SKRWRV\QWKHVLV�EXW�VOLJKWO\�LQFUHDVHG�FDQRS\�JUHHQQHVV�GXULQJ�893 
WKH�H[WUHPH�GURXJKW�RI������������*OREDO�&KDQJH�%LRORJ\��������������� 894 

<DQJ��<���6DDWFKL��6�6���;X��/���<X��<���&KRL��6���3KLOOLSV��1���.HQQHG\��5���.HOOHU��0���.Q\D]LNKLQ��895 
<��� 	� 0\QHQL�� 5�%�� �����E��� 3RVW�GURXJKW� GHFOLQH� RI� WKH� $PD]RQ� FDUERQ� VLQN�� 1DWXUH�896 
&RPPXQLFDWLRQV��������� 897 

=KDQJ��<���6RQJ��&���%DQG��/�(���6XQ��*���	�/L��-����������5HDQDO\VLV�RI�JOREDO�WHUUHVWULDO�YHJHWDWLRQ�898 
WUHQGV�IURP�02',6�SURGXFWV��%URZQLQJ�RU�JUHHQLQJ"�5HPRWH�6HQVLQJ�RI�(QYLURQPHQW�����������899 
��� 900 

=KRX��/���7LDQ��<���0\QHQL��5�%���&LDLV��3���6DDWFKL��6���/LX��<�<���3LDR��6���&KHQ��+���9HUPRWH��(�)���901 
6RQJ��&���	�+ZDQJ��7�� ��������:LGHVSUHDG� GHFOLQH� RI�&RQJR� UDLQIRUHVW� JUHHQQHVV� LQ� WKH� SDVW�902 
GHFDGH��1DWXUH������������ 903 
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)LJ�����$QQXDO�FRXUVH�RI�PRQWKO\�DYHUDJH�SUHFLSLWDWLRQ��3$5��/$,��(3,&�1,5�%5)�RYHU�WKH�&RQJROHVH�IRUHVWV��7KH�

DQQXDO�F\FOH� LV� UHSHDWHG�WZR� WLPHV� IRU�EHWWHU�GHPRQVWUDWLRQ��3UHFLSLWDWLRQ��/$,�DQG�1,5�%5)�FOHDU� VKRZ�ELPRGDO�

YDULDWLRQV� ZLWK� SHDNV� LQ�0DUFK�$SULO�0D\� �0$0�� ZHW� VHDVRQ� ��� DQG� 6HSWHPEHU�2FWREHU�1RYHPEHU� �621�� ZHW�

VHDVRQ�����  

 
 
 

 
)LJ�����)RXU�SKHQRORJLFDO�UHJLRQV�FOXVWHUHG�EDVHG�RQ�QRUPDOL]HG����\HDU�PHDQ�PRQWKO\�FOLPDWRORJ\�RI�SUHFLSLWDWLRQ��

3$5�DQG�/$,�GDWD�XVLQJ�.�0HDQV�FOXVWHULQJ�PHWKRG��5HJLRQ��������6���6�������(������(��UHSUHVHQWV�PRQWDQH�IRUHVWV�

ORFDWHG�DW�PRGHUDWH�HOHYDWLRQV�EHWZHHQ�����P�DQG������P� 
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�D� 

 

�E� 

 
�F� 

 

�G� 

 
)LJ�����$QQXDO�FRXUVH�RI�PRQWKO\�DYHUDJH�SUHFLSLWDWLRQ��3$5��/$,��(3,&�1,5�%5)�RYHU��D��UHJLRQ�����E��UHJLRQ�����F��

UHJLRQ���DQG��G��UHJLRQ����3KHQRORJLFDO�UHJLRQV�DUH�VKRZQ�LQ�)LJXUH����7KH�DQQXDO�F\FOHV�DUH�UHSOLFDWHG�WZR�WLPHV�IRU�

EHWWHU�GHPRQVWUDWLRQ��7KH�SHDN�WR�SHDN�DPSOLWXGH�RI�ELPRGDO�FXUYHV�WHQGV�WR�LQFUHDVH�IURP�QRUWK��UHJLRQ����WR�VRXWK�

�UHJLRQ�����  
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 
)LJ�����'LUHFWLRQDO�$UHD�6FDWWHULQJ�)DFWRUV� �'$6)��GHULYHG� IURP�0,65�DQG�'6&295�(3,&�GDWD� �OHIW�SDQHOV���

0,65�'LUHFWLRQDO�+HPLVSKHULFDO�5HIOHFWDQFHV��'+5��DQG�&DQRS\�6FDWWHULQJ�&RHIILFLHQWV��&6&��GXULQJ�ZHW�DQG�

GU\�VHDVRQV�RYHU�UHJLRQ����SDQHOV�D�DQG�E���UHJLRQ����SDQHOV�F�DQG�G��DQG�UHJLRQ����SDQHOV�H�DQG�I���7KH�FLUFOHV�DQG�

VROLG�WULDQJOHV�UHSUHVHQW�0,65�DQG�'6&295�(3,&�REVHUYDWLRQV��7KH�OLQHV�VKRZ�SRO\QRPLDO�ILWV�WR�0,65�GDWD��

7KHUH�ZHUH�QR�HQRXJK�YDOLG�UHIOHFWDQFH�GDWD�RYHU�UHJLRQ���LQ�2FWREHU��7KHUHIRUH��ZH�XVH�1RYHPEHU�WR�UHSUHVHQW�WKH�

GU\�VHDVRQ�LQ�WKLV�UHJLRQ� 
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(a) 

 
(b) 

 

(c) 

 
)LJ�����5HODWLRQVKLS�EHWZHHQ�UHJLRQDO�PRQWKO\�SUHFLSLWDWLRQ�DQG�/$,�GXULQJ��D��IXOO�DQQXDO�VHDVRQDO�F\FOH���E��VHDVRQDO�

F\FOH����'HFHPEHU�0D\��DQG��F��F\FOH����-XQH�1RYHPEHU���6ORSHV�RI�WKH�UHJUHVVLRQ�OLQHV�DUH�WDNHQ�DV�D�PHDVXUH�RI�

/$,�VHQVLWLYLW\�WR�FKDQJHV�LQ�LQ�WKH�SUHFLSLWDWLRQ��ǻ/$,�ǻ3UHFLSLWDWLRQ���  
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(a) C5 EVI 

 

(b) TRMM precipitation 

 

(c) TRMM precipitation 

 

(d) C6 EVI 

 

(e) C6 NDVI 

 

(f) C6 LAI 

 

(g) C6 EVI 

 

(h) C6 NDVI 

 

(i) C6 LAI 

 

)LJ�����/LQHDU�WUHQGV�SHU�GHFDGH�LQ�$SULO�0D\�-XQH�IRU�WKH�SHULRG�RI�����������DQG������������3L[HOV�ZLWK�WKH�SOXV�

V\PERO�LQGLFDWH�VWDWLVWLFDOO\�VLJQLILFDQW�WUHQGV��3�������3HUFHQWDJHV�RI�SL[HOV�ZLWK�QHJDWLYH�WUHQGV�DQG�QHJDWLYH�WUHQGV�

DW�3�����DUH�VKRZQ�DERYH�HDFK�SORW��7KH�XSSHU�SORWV� VKRZ� WUHQGV�LQ�02',6�&ROOHFWLRQ���(9,� IURP� ����� WR������

�SDQHO�D��DQG�7500�SUHFLSLWDWLRQV� IRU� WKH������WR������ �SDQHO�E��DQG������ WR������ �SDQHO�F��SHULRGV��7UHQGV� LQ�

02,',6�&ROOHFWLRQ���(9,��1'9,�DQG�/$,�IRU�WKH������WR������DQG�WKH������WR������SHULRGV�DUH�VKRZQ�LQ�PLGGOH�

DQG�ORZHU�SORWV��UHVSHFWLYHO\��  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

)LJ�����8SSHU�SDQHOV��3UHFLSLWDWLRQ�OLQHDU�WUHQGV�SHU�GHFDGH�GXULQJ��D��ZHW�VHDVRQ����0$0��DQG��E��GU\�VHDVRQ����--$��

IRU�WKH�SHULRG�RI������������3L[HOV�ZLWK� WKH�SOXV�V\PEROV�LQGLFDWH�VWDWLVWLFDOO\�VLJQLILFDQW�WUHQGV��3�������$� UHJLRQ�

EHWZHHQ�����1�����6�DQG������(������(�ZKHUH�D�VLJQLILFDQW�SUHFLSLWDWLRQ�GHFOLQH�ZDV�REVHUYHG�ERWK�GXULQJ�WKH�ZHW�

DQG�GU\�VHDVRQV�LV�VKRZQ�DV�D�JUHHQ�UHFWDQJOH��/RZHU�SDQHOV��6WDQGDUGL]HG�UHJLRQDO�PHDQ�DQRPDOLHV�LQ�/$,��1'9,�

DQG�(9,�IRU�WKH�VHOHFWHG�UHJLRQ�GXULQJ��F��ZHW��0$0��DQG��G��GU\��--$��VHDVRQV�IRU�WKH�����������SHULRG��7KH�OLQHDU�

WUHQG��ZLWK�����FRQILGHQFH�LQWHUYDO��SHU�GHFDGH�DQG�LWV�VLJQLILFDQFH�OHYHO�3�DUH�VKRZQ�LQ�OHJHQGV� 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
)LJ�����0,65�%5)�DW�1,5������QP��DQG�FDQRS\�VFDWWHULQJ�FRHIILFLHQW� �ULJKW�SDQHOV��RI� WKH� UHJLRQ�ZLWK�VLJQLILFDQW�

GURXJKW�DW�WKH�EHJLQQLQJ�������������DQG�DW�WKH�HQG�������������RI�WKH�����������REVHUYDWLRQ�SHULRG��8SSHU�DQG�

ORZHU�SDQHOV�VKRZ�%5)�DQG�WKH�FRHIILFLHQW�LQ�$SULO��ZHW�VHDVRQ��DQG�-XQH��GU\�VHDVRQ���UHVSHFWLYHO\��7KHVH�YDULDEOHV�

RWKHU�PRQWKV�VKRZ�VLPLODU�EHKDYLRU� 
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6XSSOHPHQWDU\�,QIRUPDWLRQ 
 
 
�D� 

 

�E� 

 
)LJXUH�6��� �D��/DQGFRYHU� RI� WKH�&RQJR�%DVLQ� ���1���6�����(����(�� LQ�<HDU� �����DFFRUGLQJ� WR� WKH�02',6�/$,�
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Figure S2. Sun-sensor geometry of MISR observations on the polar plane. Direction from a point on the Earth surface 

to Sun is shown as a star. The MISR instrument uses nine separate forward-, nadir- and aft-looking push broom 

cameras to acquire data at nine along-track view zenith angles of 0.0o (camera An), 26.1o (Af and Aa), 45.6o (Bf and 

Ba), 60.0o (Cf and Ca) and 70.5o (Df and Da). Each camera sees instantaneously a single row of pixels at right angles 

to the ground track, resulting in a 360 km cross-track swath. MISR along-track observation angles form lines on the 

polar plane, which are characterized by a slope, k, and intercept, b. The slope is constant (k~tan(15.4o)) and coincides 

with the ground track direction (~15.4o). The intercept is associated with location of pixel within the 360 km swath 

that cameras see. We express BRF as a function of the phase angle, which is the angle between directions to the sun 

DQG�VHQVRU��:H�DVVLJQ�WKH�VLJQ�³SOXV´�WR�WKH�SKDVH�DQJOH�LI�WKH�GLUHFWLRQ�WR�WKH�0,65�VHQVRU�DSSURDFKHV�WKH�GLUHFWLRQ�

WR�VXQ�IURP�1RUWK��DQG�³PLQXV´�RWKHUZLse. In this sun-tracking coordinates the MISR Bidirectional Reflectance Factor 

(BRF) is a function of SZA, phase angle and MISR view line, the latter is specified by VZA of the MISR nadir camera.  
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radiation interaction in vegetation (Bi et al., 2015). Such a behavior is clearly seen in BRF of region 2. 
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