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Satellite-Based Estimation of Column-Integrated
Algal Biomass in Nonalgae Bloom Conditions: A
Case Study of Lake Chaohu, China

Jing Li, Yuchao Zhang, Ronghua Ma, Hongtao Duan, Steven Loiselle, Kun Xue, and Qichun Liang

Abstract—In shallow lakes, algal biomass is a fundamental in-
dicator of eutrophication status. However, the vertical movement
of phytoplankton within the water column can complicate the de-
termination of total phytoplankton biomass using remotely sensed
data of surface conditions. In this study, we develop, validate, and
apply a new approach to use remotely sensed reflectance to es-
timate the variability of total algal biomass in shallow eutrophic
lakes. Using the baseline normalized difference bloom index to-
gether with hydrological and bathymetric data, we determine the
spatial and temporal dynamics of the total algal biomass in Lake
Chaohu, a large shallow lake in eastern China under the nonal-
gae bloom conditions. Over an eleven-year period (2003-2013), the
total phytoplankton biomass was highly variable, more than dou-
bling between 2006 and 2007, from 19.95t to 39.50t. The seasonal
decomposition of biomass dynamics indicated the highest biomass
production occurred in June, while the lowest occurred in April.
The estimates of total phytoplankton biomass were both consistent
with in situ measurements and consistent for observations made
on the same day and on consecutive days. The improved stability
and reliability of total biomass estimations provided more complete
information about lake conditions with respect to surface concen-
trations. This has implications for both management and modeling.

Index Terms—Algal biomass, baseline normalized difference
bloom index (BNDBI), chlorophyll-a, lake Chaohu, remote
sensing.

|. INTRODUCTION

sensitivity of these ecosystems to changes in climate and land
use/land cover [1],[2]. In areas with rapid increases in urban land
cover and population, increased direct and indirect nutrient loads
have severely impacted inland lakes with important impacts on
their socio-economic value and biodiversity [3]D[6].

Remote sensing-based indices have allowed for the moni-
toring of eutrophication through the determination of the fre-
quency and coverage area of algal blooms [7], [8]. In gen-
eral, reRectance-based approaches to monitor algal blooms are
based on: 1) reRectance classibcation algorithms using the blue,
green, red, or near-infrared (NIR) spectral bands [9], [10];
2) reBectance band-ratio algorithms using bluebgreen band ra-
tios [11]B[15] with the difference based on a baseline between
the red and NIR bands [16]D[18]. The former was developed
for open and coastal ocean waters while the latter have been
mainly focused on coastal water or inland waters. Successful al-
gorithms and indices for coastal and ocean monitoring include:
the normalized difference vegetation index [19]D[21], Buores-
cence line height [22], enhanced vegetation index [23], [24],
maximum chlorophyll index [25], [26], and color index algo-
rithm [27]. For inland waters, the 3oating algae index (FAI) [28],
[29], ocean surface algal blodB0], color index [31], and max-
imum peak-height algorithm [32] have been extensively used.

HE eutrophication of freshwater ecosystems has drafi€se algorithms provide important information on optical ac-
much attention in the past decades with respect to th&lfe components of surface waters and are based on remotely

sensed ref3ectance, absorption, and backscattering.
However, the concentrations of optically active components
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Fig.1. Location of Lake Chaohu, China. The yellow and blue symbolsindicate
in situ measurement stations used for algorithm development and validation,
respectively. The red cross shows the position of two hydrological stations.

production of marine systems (with a debPned chlorophyll max-
imum), where a constant Gaussian vertical proble is assumed
[371P[39]. The conditions of most marine waters allow these
estimates to be accurate. However, in shallow lakes, these con-
ditions are more complex, allowing for a number of potential
proble types. In such conditions, there are two ways to estimate

: . ; ige 2. Photo of water sample collecting devices. Part 1 is the graduated
algal biomass: 1) based on the assumption of a homogengl%%ling sampling wire, with red marks for each sampling depth. Part 2 is the

C . p
chIorpphyII distribution throughout the Water column; 2) baseé-{nall vacuum pump with connective tube (Part 3). Part 4 is the portable battery,
on discrete measurements of several biomass probles sampliish provides the power for the pump.

and then interpolated to the whole lake.
Different vertical proble types of phytoplankton distribution
were identibed in Lake Chaohu: Gaussian, exponential, and %y-l i D
perbolic[40]. Gaussian distribution is the most common typ& St Data
under nonalgae bloom condition, while exponential and hyper-Water samples (& 45) were collected during three beld cam-
bolic distributions occur when algal blooms are present. Withaigns in spring, summer, and autumn of 2013 (May, July, and
each type of vertical distribution, the corresponding total alg@lctober). Additionally, monthly experiments were conducted
biomass is quite different. And this paper would only focus oin 16 Pxed sites from January 2012 to December 2013. The
algal biomass estimation under the nonalgae bloom conditidarmer dataset was used for algorithm development while the
The next paper will focus on the algal bloom condition. latter was for algorithm validation. Sampling sites were selected
This study presents an approach to determine total aldgalrepresent different hydrological and algae conditions within
biomass based on remotely sensed image data and hydrolodicellake.
data under nonalgae bloom condition. The algorithm was vali-In algorithm development datasefil-a at nine different
dated and used to explore long-term changes and dynamicslepths (surface, 0.1, 0.2, 0.4, 0.7, 1.0, 1.5, 2, and 3 m) were
algal biomass in Lake Chaohu based on MODIS observatiotallected from 64 sites (see Fig. 1) by ad hoc collection
of 11 years (2003D2013). Seasonal dynamics and interanrdeadice. This device consists of a graduated probling sampling
trends in nonalgae bloom condition were determined for thdre, a small vacuum pump, a connective tube, and a portable
prst time in this shallow and turbid lake. The advantages ahdttery (see Fig. 2). The sampling wire was measured on board

limitations of this approach were also explored. with a scale bar. During the measurements, the vacuum pump
was plunged into the water. Samples were collected at differ-
[I. STUDY AREA AND DATA ent depths by connecting the vacuum pump to the sampling

tube. The sampling tube is 6 m long and is made from 0.03-m-
A. Study Area diameter PVC material. In each site, except for the surface layer,
Lake Chaohu (3R50D3230 N, 1127012310 E, samples at different depths were collected individually with the
see Fig. 1) is the bfth-largest freshwater lake of China, wittollection device.
a mean water depth of 3.0 m and a water surface area of 77Gamples from each depth were collected in 1-L sample pre-
km? [41], [42]. It plays an important role in regional water suprinsed plastic bottles. Surface layer samples were collected di-
plies (for the cities of Hefei and Chaohu), as well as supportimgctly. For sampling in high wind conditions, sampling was
commercial Pshery and tourism [43], [44]. conducted twice for each depth and then mixed together to get
The lake continues to be eutrophic with an increased occan average result. Sampling required Pve minutes to minimize
rence of algal blooms, despite efforts of local authorities the effect of water Row at each depth. Secchi disk depth was
reduce nutrient loads [42], [45]D[47]. The lake can be dividedeasured from the shaded side of the boat and an anemometer
into three zones based on trophic status [48] (see Fig. 1): {{R-HW, Forain Corp.) was used to measure the wind speed.
eastern and central lake zones are considered to be mesotrophite validation dataset was acquired monthly from 16 sites
while the western zone is hypertrophic. from January 2012 to December 2013. In this dataset, water
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. TABLE Il
AVAILABLE IMAGES (TOTAL = 132) USED IN THIS STUDY, WHICH DID NOT
INCLUDE IMAGES CONTAINING SURFACE BLOOMS, TYPICALLY OCCURRING IN
JuLY, AUGUST, AND SEPTEMBER

1l
E Number of images
= L5F
=
& Date Jan. Feb. Mar. Apr. May. Jun. Oct. Nov. Dec. Total
2 2 of el o
2003 1 0 3 0 0 1 3 3 0 11
2.5 2004 0 2 0 5 3 0 4 3 1 18
2005 2 0 2 3 1 0 1 0 5 14
3 o Wb o 2006 2 1 1 1 1 1 0 1 1 9
L . . . . 2007 3 2 0 1 4 0 0 0 4 14
] 10 20 30 40 50 60 70
2008 4 0 4 1 1 2 0 0 3 15
Chl-a (pg/L) 2009 1 1 0 2 0 1 1 0 2 8
_ o _ N 2010 0 0 4 2 0 1 0 5 9 21
Fig. 3. Selected vertical distribution @fi/-a in nonalgae bloom conditions. 2011 2 0 0 1 3 0 0 0 0 6
The scatters refer to originat situ data and the lines represent to the corresgi2 0 0 0 2 0 0 0 1 3 6
sponding btted curves. The different colors represent the results obtained fegg 1 0 4 0 0 0 1 4 0 10
different sites. Total 16 6 18 18 13 6 10 17 28 132
TABLE |
MEAN CONCENTRATIONS OFChl-a (11G/L) AND TOTAL ALGAL BIOMASS these btting lines. The integration result was regarded as algal

_2 . .
(MG - M™%) FROM 45 SAMPLING SITES IN MAY, JULY, AND OCTOBER, 2013. biomass (mgm-z) in each water column [52]' [53].

Chl-a Algal biomass C. Remotely Sensed Data

Depth(m) Mean Max Min SD CV(%) Mean Max Min SD cv(%) MODIS 250-m and 500-m resolution Level-0 data from 2003
o 2013 were acquired from U.S. NASA Goddard Space Flight

0.1 42.69 77.01 1758 16.71 39.14 470 8.13 247 141

0.2 47.00 78.92 1858 1515 3217 449 780 1.92 141 31.3éenter (http://oceancolor.gsfc.nasa.gov). SeaDAS software was
0.4 45.82 9146 17.41 16.86 36.79 458 9.15 174 169 36.79sed in processing the Level-0 data to the calibrated radiance
0.7 41.09 74.68 16.25 16.94 4122 411 7.47 163 1.69 412 H H H : :
10 4537 7934 1510 1720 3700 454 793 182 172 37_9§Level—18). Slnce there_ls no rella.ble atmospherlc corrgctlon for
15 46.49 82.82 12.76 18.31 39.38 4.65 828 128 1.83 39.38ake waters with complicated optical properties, a partial atmo-
2.0 4481 8241 890 2029 4529 448 824 089 203 452%pheric correction, widely used in optical complex waters (for
3.0 4571 7537 8.79 18.86 4125 457 7.54 0.88 1.89 41.2%Xamp|e, in Lake Taihu [54], [55], in Lake Chaohu [40], [56]),
Algal biomass depth refers to the 0.1-m-thick layer centered at the specibc depth. é’\ﬁas US?d. Raylelgh-cqrrect reBec_tance, to correct for g_aseous
algal biomass at 0.1 m means biomass integrated from 0.05 to 0.15 m. absorption and Rayleigh scattering effects, was applied to
Level-1B data [57]
samples were obtained from three discrete depths (0.5, 1.5, and Ryc(A) = pe(A) — pr(2) (2)

3 m), and then mixed together in equal volumes to integraiGere,, is the top of atmosphere reRectance after adjustment of
total algal biomass. _ the gaseous absorption apdis the reRectance due to Rayleigh
Water samples were bltered on board using 25-mm Whak,ttering. All available images identibed as the nonalgae bloom

man GF/C glass Pber Plters (pore size of Ard) [49], [S0].  conditions were used (see Table II). The specibc methods to
Sample Plters were stored in darkiatC until laboratory anal- identify algae bloom are presented in Section I1I-A.

ysis of Chl-a (ug/L). The sample blters were extracted with
90% acetone for 24 h _in the dark at°’C before analysis. Hydrological Data
Chl-a was calculated using absorbance at 630, 645, 663, and

750 nm measured by Shimadzu UV-2600 spectrophotometer a¥vater level data from two hydrological stations of Zhong-
follows [51]: miao and Chaohuzha (see Fig. 1) from 2003 to 2013 (pro-

vided by Hydrology Bureau of Anhui Province, (http://yc.wswj.
Chl —a = [11.64 X (Agez — Ars0) — 2.16 x (Agss — A750) net/ahyc_xjb/) were used. Bathymetry data (25-m resolution)
were obtained from the Management Bureau of Lake Chaohu
+ 0.1 x (Agz0 — Azz0) | x Vi /Va - L (1) and the data were measured in 2008 (see Fig. 4). Bathymetry
b_data were averaged over the geoidal surface of each pixel. Both
the water level data and bathymetry were used in the calculation
R; the water depth.

whereAgsg, Agas, andAz5o (dimensionless) are sample a
sorbance at 630, 645, 663, and 750 nm, respectilelynl) and
V5 (ml) are extracted volume and Pltered volume, respective
L(cm) is the optical length.

For each sitesChl-a data (see Fig. 3, Table I) from nine
depths were put into a polynomial btting to retrieve the Column-integrated algal biomass was calculated based on the
corresponding btting line. Then, integration was made througtlationship between surfac#i-a and depth-varied integrated

I1l. METHODS
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1TNE 1ITHE 1IT4E 1T SrE 40

350 Mean =0.0109

M Stdev=0.0052

A [ N=1471

Chaohuzha
Station

310N
310N

L Zhongmiao
& Station

Number of Images

Legend

330N
N

Depth -
"""@‘ o 5 0 5 10 15 20
FAI threshold x10°
- Low : 4.65
0 5 10 Km 42} Hydrologhcal statians . . . . . :
i e Fig. 6. FAl thresholds of all available images to identify algal blooms in Lake
T 7 T T Chaohu. For each individual image, the mean value of FAI with the maximum

gradient was chosen to be the threshold. The dashed line refers to the mean

Fig.4. Bathymetry map of Lake Chaohu. The white line indicated contours BfinUS two standard deviations. The value was regarded as a time-independent
lake bottom elevation. The yellow points refer to the position of two hydrologic&ireshold value to identify algal bloom in this study.
stations. The number on the contours means the specibc lake bottom elevation.

In the above equatior?,.(645), R,.(859), andR,.(1240) are

wos H R H o ‘ St i Rayleigh-corrected ref3ectance with 'Fhe wavebands centered at
= = data 645, 859, and 1240 nm, corresponding to the band 1, band 2,
I | and band 5 of MODIS, respectively.
Interpolation | | Resample The time-independent threshold to identify algal blooms was
wm{lml Lak“{mm determined by the following steg®9]. For each individual
BNDBI ‘ data elevation data image, a pixelOs gradient of the FAI value was determined by

algorithm

the difference from the adjacent 3 3 window. Pixels with
. FAl < D0.01 and FAB> 0.02 were excluded. The mean value
of all pixels in FAI images with maximum gradient was then
used as the threshold value to differentiate nonalgae bloom and
algae bloom conditions. All available images from 2000 to 2013
. of Lake Chaohu were used to determine a threshold of 0.0006

Fig. 5. Flowchart of remote-sensing algorithm for column-integrated algé$€e Fig. 6).
biomass.R, . data refers to Rayleigh-corrected reRectance data.

‘Water depth
data

Surface Chl-a

B. Surface Chlorophyll Concentration Retrieval

The baseline normalized difference bloom index (BNDBI)
algal biomass. The approach (see Fig. 5) used FAI to idefigorithm provides several advantages in the analysis of high
tify and remove images with surface bloom, thé/-a was turbidity water, which has been a commonly seen challenge
derived from Rayleigh-corrected reRectance measurement @néhland and coastal water research [58], [59]. The algorithm
Pnally the water depth for each pixel was calculated from hydr@ras used with Rayleigh-corrected reRectance [60]. Based on
logical and bathymetry data. Within this, a column-integrateg siru data,Chi-a was correlated well withR, , maximum at
algal biomass was determined based on surfdge: and wa- 555 nm andR,, minimum at 640 nm. Therefore, the BNDBI
ter depth. The specibc process was described in the followingiex used the normalized difference of lodgl, at 555 and
paragraphs. 640 nm. R, ,(469) and R, ,(859) were used as a baseline to

remove atmospheric effects and turbidity effects

A. Algal Bloom Identification BNDBI = [R,(555)" — R,.(645)'] /[ Ry (555) + R, (645)']

The FAIl approach has been used to provide relative stable ) (859 — 555)
information about identifying surface algal blooms in differenftrs (555)" = R.(555) — [R,~5(469) X (859 —169)
environmental and observation conditions [28]. For MODIS, it

was debned as bRy (859) % (555 — 469”

(859 — 469

FAI = R,.(859) — R, (859) (859 — 645)
(859 — 645) (859 — 469)
(1240 — 859) (645 — 469)

x [R;c(1240) — R, (645)]. 3) B, (859) x (859 — 469)}

R,,(645) = R,,(645) — [Rm(469) X
R..(859) = R,.(645) +

(4)
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whereR, ;(469), R, ;(555), R, s(645), andR, ; (859) areremote  ~*———————— 500
sensing refRectance with the wavebands centered at 469, 5 £

g [ y=0.88x+3.22

645, and 859 nm, corresponding to band 3, band 4, band 1, a%,,| o

N=45

400 - y=178x +6.42

R*=0.60
300 - N=45

band 2 of MODIS, respectivelyn siru R,, was multiplied by
the MODIS spectral response function.
The relationship betweefiz/-a and BNDBI was determined

)
S
S

S
8
Total algal biomass (mg~m'2)

Total algal biom:

by nonlinear least-squares btting as N R

Surface Chl-a (ug/L) Surface Chl-a (ug/L)

Chla = 982.3 + BNDBI* + 71.86 + BNDBI® + 562.4 ). w
* BNDBI” + 79.05 + BNDBI + 6.6. (8)  El -moum
=4 R*=0.53 g R2=0.48
To apply this algorithm to MODISR,, data, the relationship £ | IrovE o

betweenR, .-based BNDBI and?, .-based BNDBI was deter- 3™ E’”" oS
mined. As expected, strong correlation between BN@B) ) gwo— ﬁ:"wo g ° 5 g
and BNDBIR,..) (R? = 0.99) was found under all conditions, = R = e T
showing a very small overestimation of BNDRER, ;) with re- Surface Chl-a (ng/L)
spect to BNDB(R,..) o _© )

500 —

400 -

BNDBI(R,.) = 1.051BNDBI(R,,) — 0.007.  (6)

300 -

The BNDBI(R,;) algorithm was evaluated using syn-
chronous beld measurements of surf@ééa. The root-mean-

200 -

y=4.41x + 20.4( @) y=5.29x + 25.06

Total algal biomass (mg'm”)
Total algal biomass (mg-m”)

square-error (RMSE) and unbiased RMSE (URMSE) werz [ & °% R wop o 0% R-us
78.10 and 55.70, respectively. The results using BI\(BBJ) 20 30 40 50 60 70 8 20 30 40 50 60 70 80
were also determined and had RMSE and URMSE of 64.4 ar Surfuce e (1) s“""“(g""“ red)

47.9, respectively (R=0.941, p< 0.01).

Fig. 7. Relationship between surfac#/-a and total algal biomass from
surface to the specibc depth. The integrated depth was listed in each pgure.

C. Column-Integrated Algal Biomass Algorithm Development [e.g., in (), total algal biomass means biomass integrated from surface to 6 m).

1) Retrieval of Depth-Integrated Algal Biomass From Sur-
face Chl-a: The approach mainly focuses on computing algal
biomass based on surfacil-a. According to the calculation 2) Parameter Retrieval: In addition to surfacehl-a, there
results (which will be described in the next section), the watéfe three unknown parameters in calculating water column algal
depth of Lake Chaohu is less than 6 m. So, algal biomass fré#@mass (see Equation 7): water depth, coefbcientsamidb.
1to 6 mwas calculated basedianiru data. As demonstratedin @) Water Depth: To determine total algal biomass at dif-
Fig. 3,Chl-a was nearly homogeneously distributed from deptf¢rent areas of the lake and in different periods of the year, it
more than 2 m. Althougl situ data did not cover all depthsWwas necessary to determine local (time and location specibc)
to 6 m, an average value for depths below 2 m was used Hgter depth. Both of water level data and bathymetry data were
depths below 3 m. Therefore, based on the methods introdu¢sgd to calculate water depth as
in Section II-B, algal biomass at each depth can be retrieved. H, = H, — H, 8)
The relationship between total algal biomass from the surface to
different depths (considering each 1-m layer) and suride; WhereH, is the water depth of the specibc location afigl
was explored using linear, exponential, and power regressi@presents the water level of the lake during the image acquisi-
re|ationships_ The linear regression provided the h|ghém tion. H, is the lake bottom elevation at each location acquired
lowest error (see Fig. 7). From (a) to (f), it gives the relatiorffom bathymetry data.
ship between surfac€hi-a and algal biomass integrated from Two water level stations data were available for this study. As
surface to different depth. the water level in Lake Chaohu monotonously decreases from

The relationship between surfac&l-a and total integrated West to east [61], a longitudinal interpolation based on slope
algal biomass at different depths, Al can be described as variation was used to extend point measurements of the water

level throughout the lake. The slope between two hydrological

Al =a-Chla+10 (7) stations was estimated as
. . . . hi —h
wherea, b are the intercept and gradient of the relationship slope= tan( IA 2) 9)
S

between surfac€hi-a and total algal biomass to each different
depth, Al For example, the total algal biomass from surfac&here h;and hy(m) refer to water level data of Zhongmiao

to 2 m[see Fig. 7(b)wasy = 1.78z + 6.42 with R? of 0.60, station and Chaohuzha station, respectively, Az¢in) is the
where a= 1.78 and b= 6.42. As expected, the correlation withhorizontal distance between two stations (see Table Ill). When
Chl-a decreased with increasing depth. data for only one station were available, the yearly average slope
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TABLE Il 300 200
AVERAGE WATER LEVEL SLOPE FROMWATER LEVEL DATA BETWEEN TWO 1 neros 1:1 line 06 11 line
HYDROLOGICAL STATIONS (DIMENSIONLESS). L R=0.89 « | R2=0s0
& [ RE=44.4% 'EIS0F RE=2229 @
5 20| RMSE=325 g“ RMSE=7.1 o &
Slope between two hydrological stations(1L0 H : &£ ©
2150 @ £ 100
2006 2007 2008 2009 2010 2011 2012 2013 Long term mear= % 9 ! 5
§ 100 _:
annual mean 0.272 0.190 0.196 0.197 0.324 0.216 0.368 0.283 0.256 £ ol o E‘ = i
SD 0.209 0.273 0.347 0.403 0.274 0.296 0.651 0.375 0353 ~ 4 0 2013
min 0.000 -1.030 -2.330 -5.210 -0.542 -2.870 -1.250 -2.840 -2.010 . AP 0 ; : i
max 1.080 1.300 1.680 1.630 1.410 1.190 6.400 3.030 2.220 O S0 M0 IS 200 s 300 2 10 i 0

Measured algal biomass 1mg<m'2>

(@)

Measured algal biomass(mgm’z)

Annual mean value in the second row refers to average slope of the year (e.g., annual mean
value in the second row stands for mean corresponding yearly slope value of 2006, 2007,

2008, and so on). The last column refers to long-term statistics of slope value from 200&9' 9.

(a) Measured algal biomass of validation sites versus estimated algal
biomass from satellite data (see Fig. 1). (b) The recalibrated validation results

2013.
using the same dataset. The crosses indicate the measurements from 2012 while
the circles indicate measurement from 2013.
6
30 [8)
5t O'Q 25| o
4l @.0’ 20} e D. Accuracy Assessment
L’ 15 o .
al o = gL i RMSE and relative error (RE) were used to assess the algo-
2 Q/Q'D et s| /o"@ - rithm performance and product uncertainties [62], [63].
1o ’~0.99 s o) R=0.98
0 s S . 1 &
1 2 3 4 5 6 1 2 3 4 5 6 _ 2
Depth(m) Depth(m) RMSE = N Z (ml - yl) (12)
(a) (b) i=1
! i . . N
Fig. 8. Relationship between water depth, and (a) coefPcient a (b) and coef- 1 [(y; — ;)]
pcient b. RE= — ) ———— 13
ien N Z Z; (13)
i=1
wherex; andy; refer to the measured and estimated values for
of that year was used theith sample, and/ is the sample size.
n
* . slope
slopemean= 72“171 (10) IV. VALIDATION

where slop; refers to slope value of all available days of the |N€ estimate of total algal biomass was validated usingu
year and slogmeanis the average yearly slope of the correspon&j-ata from mon_thly sqmples of algal biomass and satellite data
ing year. from consecutive periods and days.

b) Coefficient a and b: MATLAB (R2010a) was used to

determine the coefbcients afandb. For each depth interval, A In situ Validation
different regressions were tested to describe the relationship benonthly in sirv data and lake depth from 16 sites, respec-
tween surfaceChl-a and corresponding depth-integrated algajvely, in the western, central, and eastern lake zones were used
biomass, including exponential, power regression, etc. Compgjith synchronous satellite data to validate total algal biomass
ing with all these regressions, linear regression had the highgstimates. The results showed a high correlatidn<R.89) but
R?. Coefbcients: andb depend on the relation between totah consistent underestimation of total biomass with-RE4.4%
biomass to specibc depths and surf@ééa. Importantly, the and RMSE= 32.5[see Fig. 9(d) This result was inBuenced
variation of both coefbcients varied uniformly with depth (segy the fact that the water samples from the validation sites were
Fig. 8) as: the good Ptness could be attributed to fact that alg@kained from three discrete different depths, rather than the
biomass in each depth interval was highly linear correlated fghe depths sampling used in the model development.
total column algal biomass. Coefbcientsand b varied from By pttmg the estimated and measured integrated biomass
depth and the relationship can be debned as data, the model was recalibrated and the underestimate was

0.8114 -  + 0.021 eliminated. The RE reduced to 22.2%ee Fig. 9(b)

4.479 - z — 2.0978.

a =

b

(11) B Temporal Validation

To validate the temporal consistency of the algal biomass
These relationships allowed us to determine a depth-specéxtimates, estimates from different hours of the same day
estimate ofz andb, which could then be used to estimate totednd on consecutive days were compared. MODIS Terra and
algal biomass concentrations for different depth lake deptAsjua data from the same day showed large changes in surface
based on surfac€hi-a (see Eq. 7). Chl-a, especially in eastern lake. However, the estimated
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Fig. 10. Satellite-derived algal biomass on the same day with two different © @

sensors of MODIS Terra and Aqua on 8 December, 2008. (a) and (b) Mapsgg_ 12. Comparison of algal biomass in near consecutive days with different

nsors of MODIS Terra and Aqua. Surfadid-a maps derived from (a) Terra

28 December, 2010, and (b) Terra on 30 December, 2010. (c) and (d) Algal
biomass maps from the corresponding time. The variation between (c) and
(d) was 0.59t with RE= 3.89%.

Chl-a concentrations from Terra and Aqua, respectively. (c) and (d) Maps
algal biomass from Terra and Aqua, respectively. The variation was 0.97t w|
RE = 3.2%.
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Algal biomass=22.721 Lawio Algal biomass=21 03t Fig. 13. (a) Monthly and (b) interannual variation of total algal biomass in
(c) (d) Lake Chaohu. All available MODIS without surface algal blooms from 2003

to 2013 (listed in Table 1) were used. Squares and whiskers indicate mean and
Fig. 11. Comparison of algal biomass in near consecutive days with differgifgndard deviation of algal biomass estimates. Frequent surface algae blooms
sensors of MODIS Terra and Aqua. Surfade-a maps derived from (a) Terra Were obser_ved during July, August, and September. That is the reason for the
on 7 December, 2010, and (b) Terra on 9 December, 2010. (c) and (d) AIQ4Nk data in these three month.
biomass from corresponding times. The variation between (c) and (d) was 1.69t
with RE = 8.04%.

. . ) ) . years (2003D2013) (see Fig. 13). Periods of surface algal blooms
area—lr?tegra_ted algal biomass remalned.cqn3|stent (see Fig. e not used as the approach was designed for nonalgae bloom
The minor differences observed were within the expected ergy, jitions. Mean algal biomass reached annual maxima in June
of the estimation, with the maximum RE was 3.20%. 42.11-10.86t), while annual minima (21.9§.87t) value oc-

MODIS Terra data from consecutive days were also used Qe in April. Overall, average seasonal dynamics showed a
explore the robustness of the approach. While changes wgig..-\um in late spring and early autumn, and a minimum in
expected to be larger than same day images, the Consec%‘(&spring and late autumn

day estimates of algal biomass (three days in December 201

see Fig. 11) ranged from 22.72t to 21.03t, REB.04%, less %(?ariods of maximum, with the eastern zone of the lake showing

than the RE of overall approach._ E.stimates from later p_eri e highest algal biomass across the seasonal cycle, ranging from
of the same month also showed similar agreement (see F'g'ng)l'Gt in April to 17.67t in June

levated algal biomass occurred throughout the lake in these

V. ResuLts B. Annual Variation of Total Algal Biomass
The analysis of interannual trenflsee Fig. 13(H)indicated
The integrated algal biomass approach was used to deterntimat total biomass reached a maximum in 2007 (39.50t) with an
seasonal and interannual dynamics of Lake Chaohu over ibitrease of 21.16t with respect to the year before. From 2008 to

A. Monthly Variation of Total Algal Biomass
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Fig. 16. Relationship between column-integrated biomass with varied depth

and corresponding water depth. These average data were calculated fiom all
situ stations at each depth. The black line refers to the btting line.

TABLE IV
SENSITIVITY ANALYSIS OF THE TOTAL ALGAL BIOMASS ALGORITHM

Fig. 15. Inter-annual variation of total algal biomass of Lake Chaohu based
on MODIS observation from 2003 to 2013. (a) Spatial distribution. (b) Averages Total algal biomass variation(0%)
of different lake zones.

Parameter variation 5% 10% 20%

Chl-a 4.06 8.12 16.25
2011, average algal biomass decreased (8.06t/a) and 2011 was a Depth 514 1028 20.56
decadal low of 19.95t. The last year of the study, 2013, showed
another major increase.

The interannual dynamics of individual lake sections were
very consistent, with the highest biomass in the eastern |s@pth greater than 2 m was calculated. This value was used for
zone, followed by the central and the western (see Fig. 15) wiEPths greater than 3 m. This led to the good btness ofdoth
a lake-wide increase in 2007. This was conbrmed by looking@tdb with water depth, especially for depths below 3 m.
individual lake sectiorisee Fig. 15(h)

Annual algal biomass in the eastern zone ranged from 9.40t in o )

2004 to 17.35t in 2007, with a mean biomass of 12.85t. Annu1 Sensitivity Analysis
algal biomass in the central lake zone ranged from 5.60t in 2011A sensitivity analysis was conducted by changing the two in-
to 12.91t in 2008, with a mean of 9.11t. Annual algal biomagsit parameters: surfac&l-a and water depth by-5%, +10%,
in western zone ranged from 4.57tin 2011 to 9.55t in 2007 witind £20%, within (7) and (11). The results indicated that
a mean of 7.24t. changes in water depth had greater inBuence on algal biomass
estimation compared to changes in surf@géa (see Table IV).

VI. DISCUSSION When water depth was altered By20%, the variation in esti-
mating algal biomass was about 20.56%, compared to 16.25%
for surfaceChl-a.

In the present analysis, the relationship between surfaceAnother possible source of error was the temporal varia-
Chi-a and estimated lake depth was used to estimate total @bn in the Chl-a distribution, in particular at the lake surface.
gal biomass. This was based on the observation that total al§jak algorithm was based on single daily MODIS-derived sur-
biomass increased linearly with depth, conbrmed in beld mdaee concentration, and assumed a Gaussian vertical proble,
surements (see Fig. 16). Some scatter around the 1:1 line \ashis case linear distribution, in nonbloom conditiptQ.
presented, indicating bias at low depths, very likely the result ®he simulated dataset following Gaussian distribution was built
a nonlinear vertical distribution @fhl-a. Coefpciend provides based onin situ data. Then, algal biomass both from proble
some indication of this bias. based and algorithm based was calculated. 1000 data were se-

Although in situ data did not covelChl-a more than 3 m, lected randomly from this dataset. The results were highly cor-
according to sample dat@hl-a began to be homogenous fronrelated (R = 0.92) with RE= 15.98 and RMSE= 6.63 (see
the depth of 2 m (see Fig. 3). Therefore, an average value fig. 17).

A. Depth Integrated Biomass Estimates
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D. Interannual and Seasonal Variation

The variation of interannual and seasonal dynamics (see
Fig. 13) was inBuenced by changing hydrological condi-
tions and, more importantly, dominant phytoplankton species
changes.

On an interannual scale, nutrients loads played an essential
role on algal biomass, together with annual variation in precipi-
tation and temperature in the subtropical climate of southeastern
China. In Lake Chaohu area, precipitation and cloud coverage
are maximum in June and July. Nutrient concentrations in the
lake center are expected to decrease through dilution and in-
crease inthe lake coastal areas. Depending on local conditions of
limitation, light or nutrients, a seasonal change in algal biomass
is expected [66], [68] as phytoplankton respond to changes in
hydrological conditions [69], irradiance conditions [70], tem-
perature, and nutrient concentrations [71]D[73].

Phytoplankton composition is reported to change seasonally

Fig. 17.  Relationship between algorithm-based and proble-based estimatigith Cyanophyta having highest average density in summer
The dashed line refers o 1:1 line. and autumn$95%) compared tGhlorophyta, Bacillariophyta,
Cryptophyta, and Euglenophyta [74], [75]. The increase in to-
tal biomass from April to June could be attributed to the rapid
growth of Microcystis. After NovemberAnabaena along with

SurfaceChl-a can be highly variable over a short time periodChlorophyta andBacillariophyta dominate biomass until Febru-
while total algal biomass in the water column remains moagy[see Fig. 9(d) The lower biomass in April is attributable to
stable. Depending on species, algaeOs physiological propedigap period prior to th&icrocystis increase. It should be noted
inBuence its vertically heterogeneous distribution, throughatimage gaps may also have infBuence on seasonal averages.
swimming (3agellates) or regulating their buoyance (cyanobadday is underrepresented and July/August was not utilized as
teria) [64]. Environmental conditions, such as wind-related mixhese were bloom-dominated months.
ing can play an important role in vertical distribution of algae The results showed that the biomass in winter was higher than
[34]. Under calm conditions, when the wind speed is lower thapring (see Fig. 13). The possible reasons for this phenomenon
3 m/s, algae can accumulate at the water surface [65]. Whaight be that only a few data scenes, as low as six, of image
the wind speed is high, algae are more likely to be homogenaleta were used in each month. Therefore, the results may have
distributed in water column. Light and nutrients are another twmt been representative. Additionally, there were several uncer-
essential resources that inBuence the algaeOs vertical migrationties in the surface concentration estimates, including atmo-
In most conditions, light is supplied from above while nutrientspheric correction andzi-a estimation. Moreover, the shifts
are often supplied from below, resulting in possibly heter@f dominant species attributed to temperature adaption would
geneous distribution [66]. Internal hydrological conditions maglso infduence these seasonal variations in biomass [76]. The
also inBuence vertical migration [67]. The turbulent mixing wildominant species in winter &nabaena, which has a fast grow
lead to nutrient release and more uniform nutrient distributian low temperature and begin to die in spring. While the next
around algal cells, favoring algae growth. On the other handlhminant species of the lak¥icrocystis, is severely restricted
high velocity or turbulent conditions may injure algae cell@s low temperature and began to grow in the later spring [75],
structure and may reduce available light if cells are brougit7]. Therefore, the spring period was a gap periods for different
below the photic zone. species growth [78].

In the previous example (see Fig. 10), the average wind speedo it is signibcant that, on an intraannual scale, climate con-
was 2.4 m/s and the lake condition was suitable for surfadéion has some impact on algal biomass but phytoplankton
algae accumulation. The wind direction was south-southwespecies succession has overwhelmed these inRuences.
which led to a horizontal migration of accumulated surface algaelnterannual temperature and precipitation variations have
from southwest to northeast. Combining with the inBuence frobeen shown to inBuence algal biomass in Lake Chaohu (see
water Row and other conditions, heterogeneous distributionfeify. 18) [56], while bloom events in Lake Taihu have been asso-
algae in the water column resulted in changing surfdkka, ciated to a combination of elevated winter temperature favoring
but total algal biomass was relatively stable. This resulted froafgal recruitment [79] and ENSO-related impacts on wind con-
both changes in the positigmoth horizontal and vertical asditions [80]. In the biomass analysis in Lake Chaohu, a similar
well as changes in lake deptparameters andb in (7)}]. Both comparison shows several inconsistencies; with average tem-
vertical and horizontal migration can occur over short periogieratures being very similar in 2008 and 2011 but with very
of time, changing biomass in a specibc water column, withodifferent algal biomass conditions, indicating that other factors
changing biomass in the local lake section. are controlling productivity.

C. Vertical Migration of Algal Biomass
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