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Ahstrnct 
Reflectance patterns apparently from calcium carbonate (&CO,,) precipitation have been 

mapped in the Crcat Lakes losing satcllitc multispcctral imagery. The milky water phenom- 
enon (“whiting”) occurred regularly in summer and fall during the pcriotl studied, 1972- 
1975, in Lakes Ontario, Eric, and Michigan lout not in Superior and IIuron. Tn situ data 
provide nearly irrcfutablc evidcncc that these whitings are calcnreous. They arc attributed 
to supcrsaturution of C&O, dllring periods of thermal stratification and are most intense in 
the warmer areas of the lakes. The whitings arc maximal several meters below the surface 
and arc undoubtedly significant with respect to light transmission, affecting the euphotic zone 
and thereby photosynthetic production. They may scrvc as lakewidc markers in synoptic 
analysis of large-scale cpilimnial horizontal motions. 

Observers aboard research vessels in 
Great Lakes waters during the mid-1960s 
noticed the occasional appearance of 
green or milky water. These milky waters 
were most apparent in Lake Michigan 
during August 1966, when Secchi disk 
readings were reduced to only 2-4 m 
from the 6-14 m typical of midlake (Ayers 
et al. 1967). Researchers at the University 
of Michigan suspected that thcsc atten- 
uating conditions were the result of cal- 
cium carbonate (CaCO:,) precipitation in 
the surfiace waters. 

The phenomenon of’ carbonate precip- 
itation has been documented for small 
hard-water lakes (Wetzel 1966; White 
1974) and in shallow carbonate marine 
environments (Broecker and Takahashi 
1966) and has been called “whiting” (Ba- 
thurst 1971). Eadie and Robertson (1976) 
noted high levels of carbonate supersat- 
uration in Lake Ontario during the period 
of stratification and a tendency toward 
undcrsaturation during winter. A simpli- 
fied equilibrium model developed by 
Kramer (1967) also indicates supcrsatu- 
ration of carbonate in the lower Great 
Lakes. 

An extensive study of transparency in 
Lake Michigan waters was made during 
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1971 and 1972 (Ladewski and Stoermcr 
1973). Drastic reductions in transparency 
began during July in both years and last- 
cd for about 2 months. The reductions are 
most marked at the deeper water stations 
that arc less affected by noncarbonatc 
suspended particulate matter. During 
September minimum transparencies were 
observed at these midlake stations (>40- 
m depth). Average midlake Secchi depth 
readings in July were between 9 and 10 
m, but wcrc only 3 m by September. Fur- 
thcrmore, the midlakc Secchi depths, 
which had been nearly 6 m deeper in 
July than the nearshore stations (<lO m), 
fell to within 1 m of the nearshorc read- 
ings by September, only 2 months later. 
Ladcwski and Stoermcr found no in- 
crease in chlorophyll a and total algal cell 
concentrations for 1971 until late Augllst 
and early September. 

Analysis of multispectral data from 
NASA’s Landsat satellite (formerly Earth 
Resources Technology Satellite-ERTS) 
shows that the whitings occur several 
meters below the sllrface in what was 
shown by NOAA satellite data to be rcl- 
atively warm water (Strong et al. 1974). 
Vivid displays of whitings are frequently 
observed during or immediately follow- 
ing periods of upwelling (Strong et al. 
1974) due to the contrast between the 
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Table I. NOAA (Very High Resolution Radiometer), Landsat (Multispcctral Scanner Subsystem), and 
Skylab (Earth Terrain Catnera) satellite statistics. 

NOAA-2,-3,-4 
(VIIRR) 

Landbat- l,-2 
WW 

Skylab 
(ETC) 

Altitude 
IGpator crossing direction 

Pcariocl 
Ground resolution (nadir) 
Data channels 
Wavclengtlls 

Repeat cycle 
Data coverage swath 
I,almch dates 

1,480 km 
0900 local time 
Southbouncl 
105 min 
1,000 m 
Visible/IR 
0.6-0.7 Fm 

10.5-12.5 pm 
12 h 
2,000 km 
15 Ott 72-NOAA-2 
6 Nov 73-NOAA-3 

15 Nov 7”NOAA-4 

900 km 
0942 local time 
Southbound 
103 min 
100 m 
Visible/near-IR 
0.5-0.6 pm; 0.6-0.7 pm 

0.7-0.8 pm; 0.8-1.1 pni 
18 days* 
186 km 
25 Jul 72-La&at-l 
22 Jan 7<5-Landsat- 

435 km 
Variable 
Both 
93 Inin 
1730 m 
Visible/near-IR 
0.4-0.7 pm color 
0.5-0.7 pm B&W 
0.5-0.88 pm color 
5 clays 
109 km 
May 73 

clearer upwelling water and the adjacent 
epilimnetic water. The perspective ob- 
taincd by remote sensing from space per- 
mits a valuable extension of the conven- 
tional data over the entire Great Lakes 
system. 

Table 2. Landsat and Skylab data t’or Lakes Mich- 
igan, Eric, and Ontario. X-Not observed (cloucls); 
N-no whiting; L-light; M-moderate; II-heavy; 
parentheses--Skylab. (Srlbscripts indicate date sat- 
ellite observation was made.) 

Aug 72 N, X K20 L2r 
Sep r '14 X I 4 
act Mj.2 N,o N,, N,, 
NW NO M20 X 

Jun 73 I AlO M-L 2.3,24,2.5 X 
Jnl LIE X 
Aug II 21.22 (II,) 
SCP L-1, (117, Mm,) :q 
act I -'I4 X’ 
NW X M,4 

X 
L 

Aug L-M,, X 
SCP II :1,4,21,2!2 Mn? 

act L NW R,lO M22 

NW X X 

Jun 75 X X 
Jul X L Mm 
Aug L,,,oM I I ,28,30 x 

Sep M 7.17.26 M29 

act L 4,1:3 X 
NW X X 

~- 

X 
Lo M24 

X 
N,, L16 

L'4 My2 

X 

X 
L M~H 

X 
L29 

X 
X 
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Me rho& 

Three separate spacecraft systems are 
used in this study. The NASA Landsat 
satellites (Table 1) are used for the basic 
data set. We have used Landsat MSS 
(Multispectral Scanner Subsystem) data 
in the 0.50.6~pm band, since data taken 
in the green portion of the spectrum are 
needed to monitor the whitings accurate- 
ly. Since the first Landsat launch in July 
1972, imagery 0.f select locations has 
been available on an 18-day revisit cycle. 
With the launch of the second Landsat, 
the repeat cycle was shortened to 9 days 
(using both satcllies). All whiting obser- 
vations by Landsat between 1972 and 
1975 in Lakes Michigan, Erie, and On- 
tario are listed in Table 2. 

The NOAA polar orbiting operational 
satellites that provide daily coverage of 
the Great Lakes unfortunately provide 
imagery in the visible portion of the spec- 
trum only in the red wavelengths (0.6- 
0.7 r,cm) so that little water penetration is 
possible, and these data are not too useful 
in identifying whitings; fllrthermore, the 
spatial resolution of the measurements is 
an order of magnitude more coarse than 
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Fig. 1. Monthly ratios of (C$I-) (CO::-) K’sp f or selected regions of Great Lakes: E Sllpcrior-1968; W 
Superior-1969; N Michigan-1970; S Michigan-L975; N and S IIuron-1966; E Erie-1965, X, and 
1967, 0; W Erie-1965, X, and 1967, 0; Ontario-1971. 

that for Landsat (1,000 vs. 100 m). The 
NOAA satellite imagery most useful in 
this work is that from the thermal-in- 
frared sensor. For several cases WC have 
been able to show the effects of active 
upwelling on the whiting distriblltion by 
the use of nearly coincident Landsat and 
NOAA imagery. 

During 1973, an active whiting year 
especially in Lakes Ontario and Michi- 
gan, we were able to use several out- 
standing images from NASA’s Skylab 
mission which help fill in missing data 
between cloud-free observations from 
Landsat. In addition, some excellent nat- 
ural color photographs of whitings were 
obtained. 

In the calculation of CaCO, from Ca, 
pH, alkalinity, and temperatltrc data, dis- 
sociation constants have been corrected 
for temperature and ionic strength, and 
activities were calculated using modified 

Debye-Hiickcl approximations (Stumm 
and Morgan 1970). Water samples (500 
ml) were prepared for scanning electron 
microscopy by filtering through 0.45pm 
Nuclcporc pads, drying, and vacuum car- 
bon coating. 

Results 

The speculation that CaCO,, was the 
principal cause of whiting in the Great 
Lakes was investigated in several ways. 
Theoretically, one can calculate the equi- 
librium concentration of &CO, from 
available data (pH, temperature, alkalin- 
ity, Ca2+) and compare this to the value 
at saturation. At saturation the ionic prod- 
llct (IP) of calcium and carbonate equals 
the apparent solubility product (K’sp); for 
supersaturation the ratio 1P:K’sp will be 
>l. 
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Fig. 9. Sulfacc current patterns as dcducccl from Landsat imagery during periods of northwesterly and 
northerly resldtant wind stress. 

thesis. A possible second effect is the 
complexation of nutrients, vitarnins, and 
trace metals on the organic coatings 
which seem to form on these particles 
(White 1974; Chave 1970). 

We have been able to use these extcn- 
sive natural markers for charting near- 
surface current patterns in the lakes 
(Stumpf and Strong 1975), in good agree- 
ment with previous drogue measure- 
ments under similar wind conditions (Ay- 
ers et al. 1958). From the Landsat 
imagery of 3 August 1973 and that of 16 
July 1973 and 21 August 1973 (Fig. 4), 
currents associated with northwesterly 
and northerly winds were identified. 
Composite current charts such as those 
shown in Fig. 9 would be restricted cx- 
elusively to nearshore areas (river plumes, 
etc.) were it not for the whiting phenom- 
enon that provides a tracer in midlake 
waters. 

concentration horizontally and with depth 
to satellite observations. Furthermore, 
the green (OS-O.6 pm) channel on Land- 
sat may not be optimal for quantitative 
measurements of CaCO, precipitation by 
remote sensing. Data from the Coastal 
Zone Color Scanner (CZCS), to be 
launched in 1978 on the Nimbus-G sat- 
ellite, will undoubtedly provide more de- 
finitive data for studies in the Great 
Lakes and other coastal areas. The CZCS 
will provide higher spectral resolutions 
and more frequent coverage than Land- 
sat. With synoptic coverage made possi- 
ble by earth satellites and a specific 
ground program, the causes and effects of 
these extensive whitings should soon be 
much better understood. Meanwhile, 
these Landsat observations have provid- 
ed the first substantial documentation of 
the occurrence and distribution of CaCO, 
precipitation in the Great Lakes. 

We need to relate Landsat observations 
to in situ measurements. An obvious cor- 
relation would be expected with Secchi 
disk measurements of water transparen- 
cies. We are working to relate CaC03 

References 
AYERS, J. C., D. C. CIIANIILER, G. H. LAUFF, C. F. 

POWERS, AND E. B. HENSON. 1958. Currents 
and water masses of 1,akc Michigan. Univ. of 
Mich. Great Lakes Res. Div. Publ. 3. 

SCALE IN MILES 

-TRAVERSE CITY 



Satellite imugery 887 

-, E. F. STOEHMER, AND P. IMCWILLIAM. 
1967. Recently noted changes in the biology- 
chemistry of Lake Michigan, p. 95-111. Zn 
Studies on the environment on eutrophication 
of Lake Michigan. Univ. Mich. Great Lakes 
Res. Div. Spec. Rep. 30. 

BATIIUHST, R. G. 1971, Carbonate sediments and 
their diagenesis. Devclopmcnts in Sedimen- 
tology 12. Elsevier. 

BHOECKER, W. S., ANI) T. TAKAHASIIL 1966. Cal- 
cium carbonate precipitation on the Bahama 
Banks. J. Geophys. Rcs. 71: 1575-1602. 

CrIAvE, K. E. 1970. Carl>ol7ate-organic interactions 
in sea water, p. 373-385. Zn D. W. IIood red.], 
Organic matter in natllral waters. Inst. Marine 
Sci. (Alaska) Occas. Pub]. 1. 

SADIE, B. J., AND A. ROBERTSON. 1976. An IFYGL 
carbon budget for Lake Ontario. Great Lakes 
Res. 2: 307-323. 

Kl%AMER, J. R. 1967. Equilibrium models and the 
composition of the Great Lakes, p. 243-254. Zn 
Equilibrium concepts in natural waters. Adv. 
Chem. Ser. 67. 

LADEWSKI, 'I'. 13., AND E. F. STOIZRMER. 1973. 
Water transparency in southern Lake Michigan 
in 1971 and 1972. Proc. 16th Conf. Great Lakes 
Res. 1973: 791-807. 

SCIIIZLSKE, C. L., AND J. C. ROUI. 1973. Limno- 
logical survey of Lakes Michigan, Superior, IIu- 
ron, and Erie. Univ. of Mich. Great Lakes Rcs. 
Div. Publ. 17. 

STHONG, A. E., H. G. STUMPF, J. L. JIAH?', ANI) J. 
A. PI-U’I’CI-IARD. 1974. Extensive slunmcr up- 
welling on Lake Michigan during 1973 ob- 

servecl by NOAA-2 and ERTS-1 satellites, p. 
923-932. Zn Remote sensing of environment. 
Proc. Int. Symp. (9th), Environ. Rcs. Inst. 
Mich., Ann Arbor. 

STUMM, W., AND J. J. MOHCAN. 1970. Aqllatic 
chemistry. Wiley-Intcrscicnce. 

STUMPF, I-I. G., AND A. E. STRONG. 1975. Surface 
circulation in the Great 1,akes as observed by 
Landsat-l August 1972-Deccmbcr 1973: 
Sollthern I,akc Michigan, p. 1973-1988. Zn 
NASA Earth Resources Survey. Proc. Symp. 
Johnson Space Center, IIouston. NASA TMX- 
58168. 

THOMAS, R. I,., A. L. KEMP, AND C. I?. LEWIS. 
1972. Report on the surficial sediment distri- 
bution of the Great Lakes. Part 1, I,akc Ontario. 
Gcol. Surv. Can. Sci. Ser. 10, Pap. 72-17. 

TORREY, M. S. 1976. Environmental statlls of the 
Lake Michigan region, v. 3. Argonne Nat]. Lab. 
ANL/ES-40, v. 3. NTTS, Springfield, Va. 

WHIT,ER, R. R., AND V. K. CIIAWLA. 1968. The 
chemical composition of Lake Eric. Proc. 11th 
Conf. Great Lakes Res. 1968: 593-608. 

WETZEL, R. G. 1966. Productivity and nlltrient rc- 
lationships in marl lakes of northern Tlrdiana. 
Int. Vcr. Thcor. Rngew. I,ilnnol. Verh. 16: 321- 
332. 

WIII’I’IS, W. S. 1974. Role of calcium carbonate in 
Iakc metabolism. Ph.D. thesis, Michigan Stutc 
Univ. 141 p. 

Submitted: 13 December 1976 
Accepted: 20 April 1978 


