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FOREWORD

The mission of the U.S. Geological Survey
(USGS) is to assess the quantity and quality of the
earth resources of the Nation and to provide informa-
tion that will assist resource managers and policymak-
ers at Federal, State, and local levels in making sound
decisions. Assessment of water-quality conditions and
trends is an important part of this overall mission.

One of the greatest challenges faced by water-
resources scientists is acquiring reliable information
that will guide the use and protection of the Nation’s
water resources. That challenge is being addressed by
Federal, State, interstate, and local water-resource
agencies and by many academic institutions. These
organizations are collecting water-quality data for a
host of purposes that include: compliance with permits
and water-supply standards; development of remedia-
tion plans for specific contamination problems; opera-
tional decisions on industrial, wastewater, or water-
supply facilities; and research on factors that affect
water quality. An additional need for water-quality
information is to provide a basis on which regional-
and national-level policy decisions can be based. Wise
decisions must be based on sound information. As a
society we need to know whether certain types of
water-quality problems are isolated or ubiquitous,
whether there are significant differences in conditions
among regions, whether the conditions are changing
over time, and why these conditions change from
place to place and over time. The information can be
used to help determine the efficacy of existing water-
quality policies and to help analysts determine the
need for and likely consequences of new policies.

To address these needs, the U.S. Congress appropri-
ated funds in 1986 for the USGS to begin a pilot pro-
gram in seven project areas to develop and refine the
National Water-Quality Assessment (NAWQA) Pro-
gram. In 1991, the USGS began full implementation of
the program. The NAWQA Program builds upon an
existing base of water-quality studies of the USGS, as
well as those of other Federal, State, and local agencies.
The objectives of the NAWQA Program are to:

* Describe current water-quality conditions for a

large part of the Nation’s freshwater streams,
rivers, and aquifers.

* Describe how water quality is changing over
time.

* Improve understanding of the primary natural
and human factors that affect water-quality
conditions.

This information will help support the development
and evaluation of management, regulatory, and moni-
toring decisions by other Federal, State, and local
agencies to protect, use, and enhance water resources.

The goals of the NAWQA Program are being
achieved through ongoing and proposed investigations
of 60 of the Nation’s most important river basins and
aquifer systems, which are referred to as study units.
These study units are distributed throughout the
Nation and cover a diversity of hydrogeologic settings.
More than two-thirds of the Nation’s freshwater use
occurs within the 60 study units and more than two-
thirds of the people served by public water-supply sys-
tems live within their boundaries.

National synthesis of data analysis, based on
aggregation of comparable information obtained from
the study units, is a major component of the program.
This effort focuses on selected water-quality topics
using nationally consistent information. Comparative
studies will explain differences and similarities in
observed water-quality conditions among study areas
and will identify changes and trends and their causes.
The first topics addressed by the national synthesis are
pesticides, nutrients, volatile organic compounds, and
aquatic biology. Discussions on these and other water-
quality topics will be published in periodic summaries
of the quality of the Nation’s ground and surface water
as the information becomes available.

This report is an element of the comprehensive
body of information developed as part of the NAWQA
Program. The program depends heavily on the advice,
cooperation, and information from many Federal,
State, interstate, Tribal, and local agencies and the
public. The assistance and suggestions of all are
greatly appreciated.

[obiet m. Herach

Robert M. Hirsch
Chief Hydrologist

FOREWORD Il






CONTENTS

ADSETACE ...t veeenietereresee et e et st e et e se e s et saes e e e s ae e e R ee e R At e s e e s e e R ed e ER e SR £ RS ReR R e e R R et geE et SR e b e en s eReaear R Re et se et eeerernenas 1
TITOQUCHION. c.cveeiit ettt ettt b et e s e s e b e e bt e b st R b e e e b e s e snen e s eae s e b s s e bt eb e senb e b e bt tae 1
ENVIFONMENtAl SELNZ ......oveviviiiereieirirtisiriieiesiiresis s eseeeate st eeta e e e e ee e see e et s h e s ae b en st s s sest e s e e e ne s e s e b e e stabonsnonsecns 4
Physical CharaCteriStiCS ....uovviveviiriiiietiiircsi ettt ettt e ae s en s s r b st e st es b s s b n e b s e s eneae e ca s ncesse b e nes 4
GEOLOZIC SELLING ....c.eeeeueentitiiiiti ettt st e et es et e e e et ese e b e s st b e s s s ss s s b s b st enesaesanrent s e senas 4
BOATOCK ... ettt et st 4

Surficial deposits AN SOLLS.........ccviriiiiice et e e e 7
PhySIOZIAPRY ..c.coveiiiiiiiiiiii ettt s bbb 15

VEEELALION ....eueieiiiitiieteiit ittt st e et b b s e e b e et b s b e et e e e bt e b ot ehe s ae et s R et et r e st 15
ECOTEZIONS ...ttt ettt ettt et a e bbb st e e e e eaeeae s se et e s b e b e et shesbeseaebenme et s b ebaeneobe s 18
Northern 1akes and fOTESS .........coviermicrerricicitiee ettt st s besee e st ses s sre e 19

North central hardwWood fOTESES .........coiriiiiinieerincc e 19
Southeastern Wisconsin till plain .........cccviviniiriececcncrc s 19

Central COMM DIt PLAINS......o.eveiieiiec e e s e 19

Land use and 1and COVET ....ciiiuiiiiriin ettt ettt e s r s ever e eee sesresae e sesbesaerenesaerens 21
INALUFAL T@AS ...ceevreeirerrertitt ittt ettt sttt ee e e eae s e es et et e bt sbe st en s e e s s es e eseener e eessesteseebeseetbsnronesrerans 21
CHmAate AN WEANET ......c.ccviiiiiciieiee ittt st e e s et b e en b e se et s b e st en e e s et sens 25
CLIIMNALE.....c..cviimineeeniiect ettt ettt sttt te et e s bt s s e e e e s et an b e e saeeh et eh e e e st et s e eaneaeesesa et ebeeen 25

WEALNET ...t et et e e s s 30

AL LEIMPETALUTE ......oveiiiiriie ettt e srese e e se s b s essesn e s as e e s ess e b et enessssbensennenesas 30

PreCipitation .........uouiiiiiicciei ettt s e 33

WING.c.oo ettt et es e ee bt ea e b ea e a b et e e st b e s b be st e e ne et e terenneetene 33

S0lar TAGIALION......ceieiniitiirie ittt et sr et eenesaens 36

HUMIGIEY «cviviniieiie ittt 36
EVapOranspiration ... ......cccoiiviriiiiiiiiii sttt er et sn bbb n s s bbb 36

Climatic changes and unusual Periods...........ooeieriiciciiiiiiii e s 38

Al tEIMPEIALUTE ...ttt sttt s st b e bbb e er s 38

Precipitation ........cooviviuiiiic s 39

AtmMOSPhEric dePOSItiON ..ot e 39

ACIA PTECIPILALION ....vevvveieie sttt sttt ettt ettt ebe b et beaesseaeebese e s b neseasonan 41

Toxic pollutants in atmospheric dePOSItION ........c.eciviernriircrireirererc e 41

HYArOlOZIC CHATACIETISTICS ...eoveieeieeeeeetreeeteesietee sttt s tesesese e e e sse e see s et seeaesbe st sesaseeseseesersansesensesesbesensesasesenersasereans 44
SUITACE WALET ..ottt ettt er ettt e ee b b s e b e st e s ane s e e s st emaaesaet et ese st esebeaenenereeeseseneren 44
DIaiNAaZE DASIIS. ..c..cviivieeenririeteetiiee et eteat s eest st steta e sae e se st s sses e sees b ensesaessassssstebaasessenatesbatassnnressesensensons 44

Streamflow CONAILIONS ......ceiuiiviiiiiieiii st e e st et sr e s s nnn s 44
Rainfall/Tunoff T€latiONS. .......ouioieeiecrieece ettt et e s s s e s e e s e b s ee et e sers e s eresaseate e 51

LaKes ANd FESEIVOITS ....c.eiiieriiiriieiiririet ettt es sttt st e ees st te st st besresrasbass e s b e s e ebesbessesbe et e sasreseesesmeetenne 54

WVALET USE......eeureeeeeiterercrte et sh e e b er e s et eee st ebe s b e s e e s et e st e bt e s s e et e et et e s e e rmees e ebe bt estab e ebenat et e besenanenesbesnens 54

WALET QUALIEY ..ottt ettt et st b e e sae e e e eeen et ere e 56

MODIOTING ACIVILIES .. v iverecneerertiririnite s st sttt senesteeteree st e st et e s e ebesaesan e s ereenensess b st ebast e sesensenrens 57

CRATACIETISHICS. c.cvevietiriiernenrc ettt ittt es e s e e bbb e s s e mene e ne s benen e nesbesasanre s s 57

CONCEINS ...ttt ettt b et se et sa s h s s h s e b et e b b eae e mes e b er e s tan e s soneesanesantenanasses 59

GIOUINA WALET .....veetieceietie ettt e te e e e e et b e e e et ea e e asesbeasebeee e seeme et asaeaseebeaben e ensemsertensensene e s aneraeesaaseseeneee 60
AGUITET ChHATACTETISTICS ... vveveveeiie ittt sttt et bbb et r e e e e bt b e b e s e s nenes 60
Ground-water/Surface-water iNEETACHION .......c.evuiruevereruireteeeire et e seesaeeesbeseceeebeeae s e ebesbeeses e e seaneseenean 62

WVALET USE...et ettt sttt e et st et s e st s st e st e se e et e e s b eenesebebe st canenecemeenseostansnabenne 62

WARLET QUALILY .....ooveeiceiei et e st e e 64

MODNIOTING ACHIVILIES ...ceueiuriiiireitiiiiteiiiire sttt et be st et e st s e e e e et e sisrssneonens 64

CRATACHETISEICS. ... cueeitiie ettt bttt et et es b st es et e st ea e saeate st s s s e s b et e eaes e sbense b et ennesene 64

CONCETIIS ..ottt sttt et st bt e b s e e esbassese e e bt eaesh b ebbebasba e seae e e ea b et b she st e b e s eenteaeebereemeeneotn 65

Aquatic biological CharaCteriStICS ..........vuiiiviiiiecii it e e s s s sna s 66

CONTENTS

\'



AQUALIC INVEITEDTALES .....ovievereiiiiiiieiicteetete sttt ettt e et e r et e bbb ea bt ebeeeeeseseeeb et e ebee ke eatesbeabeneeateaeebeneeseneeueaneseen 67

AQUAIC PIANS ..ottt e e e st 68
MACTOPRYLES ..ottt ettt sttt ebe sttt st st aas e b etk e b e e b e bebasaans et ebabene 68

ALZAC ..ottt bttt a ket h e b e b e ke sh e eh et she st e e e b st e s beabenee 69

Implications of environmental setting On Water-QUALILY ...........cccveieieenreininineni ettt e ereseesee et ess e 69
INBEUTAL TACLOTS ...ttt ettt ettt ettt ettt ettt e a e ket et et et eh ekt eb e et ebeseebe et st eneeabesmbabeeatebte st eneebeeueeneemeberebesne 69
HUMAN CHIVITIES 1.etteeritietieeete ettt ettt st ettt et e euta e s e e esba st e anssanseemeesebesbeeseaaasansesbene e seeaseseeensebesmten 70
Considerations for water-quality MONITOTING .........cccoiiiriieiiiiiii it e sisb et sbe st s s es et ebs s b st seenene 72
SUITHIIALY .ottt ettt e es e e ettt st bbb e saen e b be e abesebtoes e e e atatebebebese e em bRt st bbb ebebesmsesbestntsesbesares 73
RELEIENCES CIEA .....coviiiiciiiiee et st et e e e h e e e b e st sae e se bbb e b e b s 74

FIGURES
1. Map showing location of study units in the National Water-Quality Assessment
PIOGIAIM ..ot se bbb bbb s bbb re s 2
2. Graph showing schedule of first cycle of study-unit investigations, by dominant activity,
for the National Water-Quality Assessment Program, fiscal years 1991-2002........c.ccccecevreeneiiniincicninncninsnine. 3
3-15. Maps showing:
3. Location of Western Lake Michigan Drainages study unit and hydrologic units .............ccoevviiiiinienns 5
4.  Bedrock geology in the Western Lake Michigan Drainages study unit ........cc.ccccecvveeninnrciceninininennnn. 8
5. Major glacial ice advances and texture of surficial deposits in the Western
Lake Michigan Drainages study UDt........cccoccoviiiiccniiniiiiiniiicce i 14
6. Texture of surficial deposits in the Western Lake Michigan Drainages Basin............ccococvivniiiinnininnenn, 16
7.  Physiographic provinces in the Western Lake Michigan Drainages study unit .........cccoevivvinininnns et 17
8.  Ecoregions of the Western Lake Michigan Drainages study unit...........ccocovvviiiiiiiiiiiniinin, 20
9. Land use/land cover in the Western Lake Michigan Drainages study unit ...........c.ccoovnvimvinneeivnninieniann, 23
10.  Principal air masses that affect the climate of the Western Lake Michigan
Drainages STUAY UL .....co.eeiiuiiinieieiiini ettt sttt st st et eat bt e et et st et e b e st e bese et e b esaa st sasaremenis 29
11.  Weather sites in and near the Western Lake Michigan Drainages study unit..........c.ccocovininnnnnnneinnnnnn, 31
12.  Isotherms of average annual temperatures in the Western Lake Michigan
Drainages StUAY UNIE ......oociiiiiiiiieieiie ettt st s st s b s sbaeba s st s bs s ettt esrssanens 32
13.  Annual precipitation in the Western Lake Michigan Drainages study unif...........cccoceeviviniiininnncieennen, 34
14.  Average annual snowfall in the Western Lake Michigan Drainages study unit ...........c..c.cooooveiiiiiiininn 35
15.  Average total annual evapotranspiration in the Western Lake Michigan
Drainages StUAY UNIE.......ooviiciciiinienieeiee ittt e b e st babs b sas s e sb bbb res s ns 37
16-18. Graphs showing:
16.  Average annual air temperatures at Madison, Wis, 1890—1992. ........cccccceiiiiniiiiiniiciieiieiniereseseenieas 38
17. Deviations and smoothed deviations from average annual precipitation at five sites
in the Western Lake Michigan Drainages study unit, 1890-1990...........c.ccooiniiininiininininiinniinnn, 40
18.  Three year smoothed deviations from average annual precipitation at five sites in the
Western Lake Michigan Drainages study unit, 1890—1990.........ccccooiviiiiiiiiiiniciinniniinienciean, 42

19-21. Maps showing:
19.  Annual precipitation-weighted mean hydrogen ion concentrations (pH) for the

ULS. M1 1990 ..ttt et b e bbb a bbb a b b et h bRt eb b e b a et e b et bbb ens 43
20. Location of U.S. Geological Survey gaging stations in the Western Lake Michigan

Drainages study unit with long-term streamflow records.........cocovvininiiinniinciiniicn 45
21.  Location of dams in the Western Lake Michigan Drainages study Unit............cooeeiiiinniinieiiniiinnines 46

22-23.  Graphs showing:
22.  Monthly variations in long-term streamflow data for selected sites in the Western

Lake Michigan Drainages study Unit...........cccoceomveiiiiiiiniininiiniicceni s 48
23.  Deviations from average annual flow for selected sites in the Western Lake Michigan
Draina@es StUAY UNIL....c.ccoiieiiiiiiiinieeieie ettt et st sr e e e ess st n s e saeshe b b e sae e s sh st bens b ens 50

VI ENVIRONMENTAL SETTING AND IMPLICATIONS FOR WATER QUALITY IN THE WESTERN LAKE MICHIGAN DRAINAGES



24. Map showing average annual runoff rates in the Western Lake Michigan Drainages

SEUAY UIIE ..ovviiiniiiiiiiit i e ettt s se s e sh e e b e bbb e s oot e bt obe ehbeb e e eneebeebeshe e b e be st eneeaene 53
25. Graphs showing rainfall/runoff ratios for selected streams in the Western Lake Michigan
Drainages StUAY UIE ......ccceeeriiiiiniiiieniee ettt ettt ettt et b ettt ea et e b e b e st et e e b eebeesbentemeeseamessansancaneasas 55
26. Diagram showing aquifers in the Western Lake Michigan Drainages
STUAY UL oottt et e et e bbb s b et e st ee et e b et e e e e bbb e et ene 61
TABLES
1. Stratigraphy in the Western Lake Michigan Drainages study Unit ...........cccceoveeoreieniirnnnennceeneeee e seeeeseeeeseneens 11
2. Original vegetation communities in the Western Lake Michigan Drainages study unit ............cccoeveverenenrerenucecnns 18
3. Sizes of level I and level II land use/land cover categories for the Western Lake Michigan
Drainages StUAY UIMIL ........cc.eocireiiiiiiiieiiiis et ettt s et aes s e et e ses et e e ket et ab e s bensebessesnasteneseasne 22
4. 10-year populations for some of the major cities in the Western Lake Michigan Drainages
STUAY UIEE 1.voviiiiviiieiiicc ettt b s bR e R e s bbbt st 24
5. Wisconsin State Natural Areas located in the Western Lake Michigan Drainages study unit..........c.ccccceceiernennen. 26
6. Description of selected U.S. Geological Survey gaging stations in the Western Lake Michigan
Drainages StUAY UMt .....cccvrvenuieririiieiiiiiinines et sesiens st et se et bt se st ebebes e bs st eb s se s e bbb emebesesebebebesaneassbetnes 47
7. Chronology of major and other memorable floods and droughts in Wisconsin,1910
TRIOUER 1988 ...ttt et s bbbt bttt bttt e st e e et et b et et et b bbb e e b 49
8. Flood frequency characteristics of selected streams in the Western Lake Michigan Drainages
SEUAY UL ..ottt e rer s s st e r bbb en et s e eat s b b es bt se bt san e st seesestatsensebeseaentstsnonenes 52
9. 1990 surface-water use for the Western Lake Michigan Drainages study uUnit...........ccceoevvieverninnnncnnininenennennes 56
10. Site name, location, and agency responsible for water-quality-monitoring stations
in the Western Lake Michigan Drainages study Unit..........cccccoceiniinininniniininienniiecenscenetesie e 58
11.  Specific water-quality issues of concern for the Ford-Escanaba (FE), Menominee-Oconto-
Peshtigo (MOP), Fox-Wolf(FW), and direct Lake Michigan (LM) Basins..........ccoceceeeieieeeienenensniennenieeenes 59
12. 1990 ground-water use in the Western Lake Michigan Drainages study Unit...........cccceceeeieerneeceeniennieneereneneneens 63
13.  Geometric mean values of some poor water-quality ‘indicator’ constituents for aquifers in
and around the Wisconsin portion of the Western Lake Michigan Drainages study unit..........cccceeoenuruvernins 65
14. Invertebrate water-quality iNdiCatOr ZIOUPS........ccuereruiriiiiiiiiiiiiiie ittt sttt et resbtee s snebesbene 68

CONTENTS

Vil



CONVERSION FACTORS AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To Obtain
inch (in.) 254 millimeter
inch per year (in/yr) 254 millimeter per year
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
square mile (miz) 2.590 square kilometer
acre 0.004047 square kilometer
acre 0.4047 hectare
square foot (ftz) 0.09294 square meter
gallon (gal) 3.785 liter
gallon 0.003785 cubic meter
million gallons (Mgal) 3,785 cubic meter
cubic foot (ft3) 0.02832 cubic meter
foot per second (ft/s) 0.3048 meter per second
cubic foot per second (ft3/s) 0.02832 cubic meter per second
cubic foot per second 28.32 liter per second
gallon per minute (gal/min) 0.06308 liter per second
million gallons per day (Mgal/d) 0.04381 cubic meters per day
foot per day (ft/d) 0.3048 meter per day
foot squared per day (ft2/d) 0.09290 meter squared per day
foot per mile (ft/mi) 0.18943 meter per kilometer
gallon per minute per foot [(gal/min)/ ft] 0.207 liter per second per meter [(L/s)/
m
gallon per day per foot [(gal/d)/ft] 12.4 liter per day per meter [(L/d)/m
gallon per day per square foot [(gal/d)/ftz] 40.7 liter per day per square meter
[(L/d)/m?]
langley per day 1.0 calorie per centimeter squared

Temperature, in degrees Fahrenheit (°F) can be converted to degrees Celsius (°C) by use of the following equation:
‘F=1.8x"°C +32.

Abbreviated water-quality units: Chemical concentrations and water temperature are given in metric units. Chemical concentra-
tion is given in milligrams per liter (mg/L) or micrograms per liter (ug/L). Milligrams per liter is a unit expressing the concentration
of chemical constituents in solution as weight (milligrams) of solute per unit volume (liter) of water. One thousand micrograms per
liter is equivalent to one milligram per liter. For concentrations less than 7,000 mg/L, the numerical value is the same as for concen-
trations in parts per million.

Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)-a geodetic datum

derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level
Datum of 1929.
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The first state natural areas program in the U.S.
was begun in Wisconsin in 1951. These areas were
established in order to preserve remnants of natural
plant and animal communities, many of which are the
last refuges of rare and endangered plants and animals.
Cooperative management agreements and purchase of
private lands through the Match-Grant Program are
used to preserve the state natural areas, which have
state legal protection. Of the current 270 natural areas
in Wisconsin, 78 are located in the WMIC (table 5).
Michigan has one state natural area in the WMIC,
Laughing Whitefish Falls on the Whitefish River (Den-
nis Albert, Michigan Department of Natural
Resources, oral commun., 1993).

At six sites in the study unit, the Wisconsin chap-
ter of The Nature Conservancy is working to protect
natural habitat or is assisting others to do so (Nancy
Braker, The Nature Conservancy, Madison, Wis., writ-
ten commun., 1991). These sites are: Chiwaukee Prai-
rie near Kenosha; Rush Lake/Gromme Preserve near
Oshkosh; Point Sauble near Green Bay; and in Door
County, the Ridges Sanctuary, Mink River, and Shiver-
ing Sands. The Nature Conservancy has no preserves in
Michigan that are in the WMIC study unit (Dave
Ewert, The Nature Conservancy, East Lansing, Mich.,
oral commun., 1991).

Climate and Weather

By Dale M. Robertson

The WMIC study unit has a temperate, continen-
tal climate associated with a large annual range in air
temperature and little monthly variation in precipita-
tion. The study unit is in the mid-latitude belt, which is
marked by large seasonal changes in the solar-zenith
angle and day length, which together produce a signif-
icant north-south temperature gradient (Wisconsin
Agricultural Statistics Service, 1987). The north-south
gradient and the seasonal range in temperature are
modified, however, by the neighboring Laurentian
Great Lakes. The continentality index (CI) (Conrad
and Pollak, 1962) across the study unit ranges from
approximately 50 to 55 (inland) to approximately 40 to
48 near the shores of Lake Michigan and Lake Supe-
rior. A CI value near 100 represents a very continental
climate, whereas a value near zero represents a coastal
climate. The variation across the WMIC demonstrates
the moderating effect of the Great Lakes on the local
climate.

Climate

Three primary factors control the climate of the
study unit: latitude and solar input, weather systems
(air masses and storms), and the Great Lakes. The sun’s
position determines the duration and effectiveness of
solar heating by controlling the day length and the
angle of incidence of its rays. Extreme seasonal vari-
ability and a strong north-south gradient in air temper-
atures are common characteristics for areas at latitudes
similar to that of the WMIC study unit (between
42.5°N and 46.5°N).

The area experiences a variety of weather condi-
tions that may change daily. The dry, sunny weather
associated with high-pressure systems is usually inter-
rupted every four to eight days by the passage of low-
pressure-storm systems that bring overcast skies, pre-
cipitation, and the influence of a different air mass
(Phillips and McCulloch, 1972). Four air masses pri-
marily influence the study unit: the Continental Polar
(cP), the Maritime Tropical Gulf (mT), the Maritime
Polar Pacific (mP), and the Continental Tropical (cT)
(fig. 10). During the winter, the mP and cP air masses
most strongly influence the area. These two air masses
are present approximately 70 percent and 15-20 per-
cent of the time, respectively. The mP air masses are
often strongly modified by the time they reach the area
and, therefore, usually bring moderate temperatures
and dry conditions (Palm and deSouza, 1983). The cP
air masses change very little during their southward
movement and usually bring bitterly cold and dry
weather to the area. The mT and cT air masses only
rarely influence the area in the winter, but when present
often bring warmer weather and sometimes heavy, wet
snow or freezing rain. In the summer, mP air masses
are still very influential, but less common than in win-
ter (present 25 to 35 percent of the time) and usually
bring cool, clear weather. The mT air masses are much
more dominant in the summer than in the winter
(present 25 to 35 percent of the time) and usually bring
warm, humid conditions and often afternoon thunder-
storms (Phillips and McCulloch, 1972). During the
summer, the area may also be occasionally influenced
by strongly modified mP air masses of Atlantic origin
which usually bring seasonably cool and dry weather,
cT air masses which usually bring hot dry air, and cP
air masses which usually bring unseasonably cool and
dry air.
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Table 5. Wisconsin State Natural Areas located in the Western Lake Michigan Drainages study unit

n:nruebaer State Natural Area County

2 Cedarburg Bog Ozaukee

8 Cedar Grove Hawk Research Station Sheboygan
11 Haskell Noyes Memorial Woods Fond du Lac
12 Peninsula Park Beech Forest Door

13 Peninsula Park White Cedar Forest Door

17 The Ridges Sanctuary Door
24 Wilderness Ridge Manitowoc
35 Ripon Prairie Fond du Lac
37 Seagull Bar Marinette
39 Charles Pond Oconto
42 Summerton Bog Marquette
43 Poppy’s Rock Waupaca
46 VanderBloemen Bog Manitowoc
47 Sister Islands Door
48 Cherney Maribel Caves Manitowoc
50 Two Creeks Buried Forest Manitowoc
54 Chiwaukee Prairie Kenosha
55 Marinette County Beech Forest Marinette
56 Sander’s Park Hardwoods Racine
57 Toft Point Door
59 Spruce Lake Bog Fond du Lac
61 Cedarburg Beech Woods Ozaukee
67 Fairy Chasm Ozaukee
70 Lawrence Creek Marquette
71 Kohler Park Dunes Sheboygan
78 Flora spring Pond Langlade

87 Point Beach Ridges Manitowoc
90 Newport Conifer-Hardwoods Door
92 Miscauno Cedar Swamp Marinette
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Table 5. Wisconsin State Natural Areas located in the Western Lake Michigan Drainages study unit—Continued

n:r:\ebaer State Natural Area County
93 Milwaukee River and Swamp Fond du Lac
94 Spring Lake Fond du Lac
95 Renak-Polak Maple-Beech Woods Racine
96 (Muir’s) Ennis Lake-Muir Park Marquette
100 Fountain Creek Wet Prairie Green Lake
101 Tellock’s Hill Woods Waupaca
104 Dunbar Barrens Marinette
110 Jackson Harbor Ridges Door
117 Scott Lake-Shelp Lake Natural Area Forest
118 Giant White Pine Grove Forest
119 Bose Lake Hemlock-Hardwoods Forest
123 Comstock Bog-Meadow Marquette
125 Mud Lake Door
129 Jung Hemlock-Beech Forest Shawano
135 Kewaskum Maple-Oak Woods Washington
141 Mud Lake Bog Waupaca
155 Oshkosh-Larsen Trail Prairies Winnebago
158 Keller Whitcomb Creek Woods Waupaca
159 Mukwa Bottomland Forest Waupaca
163 Oxbow Rapids, Upper Wolf River Langlade
169 Kurtz Woods Ozaukee
172 Puchyan Prairie Green Lake
175 Whitefish Dunes Door
176 High Cliff Escarpment Calumet
178 Bass Lake Fen Waushara
179 Myklebust Lake Waupaca
181 New Hope Pines Portage
190 Oakfield Ledge Fond du Lac
194 Pope Lake Waupaca
197 Riveredge Creek and Ephemeral Pond Ozaukee
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Table 5. Wisconsin State Natural Areas located in the Western Lake Michigan Drainages study unit—Continued

Area

number State Natural Area County
204 Marshall’s Point Door

207 Berlin Fen Green Lake
208 Sapa Spruce Bog Ozaukee
214 Hortonville Bog Outagamie
218 Mink River Estuary Door

223 Observatory Hill Marquette
224 Mud Lake - Radley Creek Savannah Waupaca
225 Koro Prairie Winnebago
227 Pickerel Lake Portage

233 Moonlight Bay Bedrock Beach Door

234 Bloch Oxbow Marinette
252 Woodland Dunes Manitowoc
253 Milwaukee River Floodplain Forest Washington
254 Kettle Hole Woods Sheboygan
255 Crooked Lake Wetlands Fond du Lac and Sheboygan
256 Milwaukee River Tamarack Lowlands and Dundee Kame Fond du Lac
257 Butler Lake Flynn Springs Sheboygan
258 Johnson Hill Kame Sheboygan
259 Kettle Moraine Red Oaks Sheboygan
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Figure 10. Principal air masses that affect the climate of the Western Lake Michigan Drainages study unit.

Climate and Weather

29



Spring and fall are transition periods with often
complex weather patterns that lead to rapidly changing
conditions. These periods have more frequent frontal
systems moving through the area, which often bring
wide-spread showers. The influence of the different air
masses is transitional between that for summer and
winter.

The third factor influencing the climate of the
study unit is the effect of the Great Lakes, primarily
Lakes Michigan and Superior. Water warms and cools
more slowly than land due to its higher specific heat
capacity. This differential results in the air over the
lakes being cooler than that over land in the spring and
early summer, and significantly warmer in the fall and
early winter. The result is a moderating effect on
coastal areas along the lakes. This “lake effect” results
in alterations in north-south climatic gradients along
the western shore of Lake Michigan on the study unit’s
eastern boundary. This differential also results in a
moderation of daily temperature extremes.

Air masses entering the region are often affected
by the differential in air temperature caused by the
Great Lakes. During March through August, the cooler
air near the lakes has a stabilizing influence on the air
column in the area. Thus, low pressure systems enter-
ing the region are weakened and the amount of precip-
itation is often reduced (Palm and deSouza, 1983).
During September to March, the warmer air near the
water surface increases the instability of the air col-
umn. In this case, low pressure systems entering the
area increase in intensity and the chance of precipita-
tion increases.

Weather

Extensive daily weather records are available for
many sites throughout the study unit (fig. 11). These
sites are operated by several different organizations
and are designed to collect different types of informa-
tion. The largest network consists of cooperative
weather observers who record daily air temperatures
and total precipitation (rainfall and snowfall); a few of
these sites collect only precipitation data and a few col-
lect total-hourly precipitation (only rainfall).

Extensive meteorological information is col-
lected at six sites within or just outside of the study
unit. These sites are associated with airports or univer-
sity-operated experimental farms and collect hourly (or
more frequent) information for air temperature, precip-
itation, wind speed, wind direction, relative humidity,
and, at some of these sites, solar radiation. Only two of

these sites (Green Bay and Milwaukee) are within the
study unit (fig. 11).

The density of these data collection sites and the
length of their records are variable. Ten of the 57 sites
in the study unit are located in Michigan. Twenty-seven
sites within the study unit have daily air temperature
and precipitation data that extend over 50 years, with
only four of these sites located in upper Michigan. Sev-
eral of the sites have long term air temperature and pre-
cipitation information, but only Green Bay and two
sites just outside the study unit (Madison, Wis. and
Minocqua, Wis.) have been examined in detail for
long-term trends.

Air Temperature

Average annual, seasonal, and daily air tempera-
tures vary widely across the study unit. Average annual
temperatures range from approximately 48°F in the
southern tip of the study unit to approximately 39°F in
the northern regions (fig. 12). The Great Lakes influ-
ence the north-south gradient in air temperature, yet
have little effect on the average annual air tempera-
tures. This results in warmer temperatures near the
lakes in the winter and cooler air temperatures near the
lakes in the summer. Since these effects almost cancel
when considered on an annual basis, monthly-average
air temperatures are discussed for January, April, July,
and October. All of the monthly statistics for the study
unit were obtained from Wendland and others (1985),
which used data from sites across the midwest for the
period from 1951 to 1980.

January is usually the coldest month of the year
throughout the study unit, with an average air tempera-
ture of 15°F, but a range from 20°F in the south to 10°F
in the north. During this time, most of the surfaces of
Lakes Michigan and Superior usually remain ice-free
and are therefore significantly warmer than the nearby
land. The isotherms deflect northward on the eastern
side of the study unit reflecting the strong lake effects
during the winter, especially very near Lake Michigan.
A similar effect occurs in the northern regions where
the winds blowing across Lake Superior moderate win-
ter temperatures. During the latter part of the winter, a
significant part of the lakes may freeze, decreasing the
effect on the nearby air temperatures. The average
maximum and minimum air temperatures during Janu-
ary are approximately 23°F and 6°F, respectively.

April is a month of transition from cold winter to
warm summer air temperatures. During this time, the
lakes are significantly colder than nearby land resulting
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Figure 11. Weather sites in and near the Western Lake Michigan Drainages study unit.

Climate and Weather 31



. . EXPLANATION
o
44— :K-—\/\ 44 / s~ Study unit ]

( - boundary
: v"'\ s —~42 —— Average annual
L> ’r" '\‘ N temperature
4 . ‘e (in degrees
b SO i { Fahrenheit)
o L 0 25 50 MILES
43— m) I —L 1 ]
1 \ 0 25 50 KILOMETERS
e :
| WISCONSIN _ ”){
ILLINOIS {
| | |

Figure 12. Isotherms of average annual temperatures in the Western Lake Michigan Drainages study unit (based on data
from Wendland and others, 1985).
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in cooler areas near the lakes. The average temperature
across the study unit in April is approximately 43°F, but
ranges from about 46°F in the south to about 42°F in the
north. The average maximum and minimum air tem-
perature during April are approximately 52°F and 32°F,
respectively. The “lake” effect is most influential on
maximum daily air temperatures, while minimum daily
air temperatures are only weakly affected.

July is usually the warmest month of the year
with an average air temperature of approximately 68°F
and a range of from 71°F in the south to 65°F in the
north. During July, the Great Lakes remain cooler than
nearby land and, therefore, affect local air tempera-
tures. The lake effect is much more localized at this
time of year compared to other seasons and primarily
affects maximum air temperatures measured on land
immediately adjacent to the Great Lakes. Much of this
effect is caused by lake breezes on otherwise calm
days. The average maximum and minimum air temper-
atures in the study unit during July are approximately
79°F and 57°F, respectively.

October is a month of transition back to colder,
winter conditions. The average air temperature during
October is approximately 48°F, but ranges from 52°F in
the south to 45°F in the north. Average-monthly air
temperatures demonstrate relatively little influence
from the lake effect. However, average maximum and
minimum air temperatures for the month demonstrate
strong influences from the lake effect with maximum
air temperatures being depressed near the lake and
minimum air temperatures being highly elevated. As
much as a 7°F east-west gradient across the study unit
occurs in average minimum air temperatures. Average
minimum air temperatures are relatively constant all
along Lake Michigan and average approximately 41°F.

The median length of the growing season (or the
period from the last spring frost or the last daily mini-
mum air temperatures below 32°F until the first fall
killing frost) ranges from less than 100 days in the
north to about 180 days in the southern tip of the study
unit (Wisconsin Agricultural Statistics Service, 1987).
The median date of the last spring frost ranges from
after June 6th in the northern regions to around April
26th in the southern regions. The median date of the
first killing frost in the fall ranges from before Septem-
ber 13th in the northern regions to about October 24th
in the southern regions (Wisconsin Agricultural Statis-
tics Service, 1987).

Precipitation

Total annual precipitation (fig. 13) ranges from
approximately 28 to 34 in. across the study unit (Wend-
land and others, 1985). The most precipitation occurs
in the extreme northern regions of the study unit and is
primarily due to lake-effect precipitation. Precipitation
has a seasonal component with most of the precipita-
tion (60 percent) occurring in the summer months
between May and September when 3 to 4 in. fall per
month. Less precipitation occurs in the winter over
most of the study unit, especially during January and
February when only about 1.0 to 1.5 in. falls per month.

Total winter snowfall has a strong north-south
gradient with much more snowfall occurring in the
northern-most regions (fig. 14) (Wendland and others,
1992), based on the average from 1961 to 1990. Total
snowfall ranges from approximately 140 in. in far
northern regions to about 40 in. in the southern regions.
The increased snowfall in the northern part of the study
unit is caused in part by lake-effect snow immediately
south of Lake Superior. Also, the generally colder tem-
peratures in the north result in more precipitation in the
form of snow rather than rain.

Directly associated with the increased snowfall
in the north is a longer duration of snow cover. The date
of the 50-percent probability of the first snow cover of
one inch or more ranges from about November 20 in
the north to after January 1 in the south. The dates of
the 50-percent probability of the last snow cover of one
inch or more ranges from about April 10 in the far
northwest part of the study unit to about March 1 in the
southern tip (Phillips and McCulloch, 1972).

Wind

Hourly wind data are collected at Green Bay,
Milwaukee, and several sites located just outside of the
study unit. The wind information presented here is
from data collected at Green Bay from 1951 through
1960 for April, July, October, and January (Phillips and
McCulloch, 1972). Wind speed and direction both
demonstrate seasonal changes. Winds are strongest in
the early spring (April), with average speeds from all
directions being over 10 miles per hour (mph) and a
range from 11 to 14 mph. During spring the prevailing
winds are from the southwest and northeast. During
summer (July), wind speeds are less variable with aver-
age speeds for all directions being approximately 8 to
10 mph. The prevailing wind direction during summer
is from the south or south-southwest. In fall (October),
winds become stronger, with average speeds from
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Figure 13. Annual precipitation in the Western Lake Michigan Drainages study unit (based on data from Wendland and
others, 1985).
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different directions exceeding 9 mph and range from 9
to 12 mph. The prevailing wind direction remains from
the south-southwest, but northerly winds are somewhat
common. In the winter (January), average wind speeds
are more variable, ranging from 7 to 14 mph. The pre-
vailing winds during the winter are from the west or
northwest.

Solar Radiation

" Solar radiation (total global) measurements are
made at only one site (Green Bay) within the study unit
but also at several additional sites immediately adja-
cent to the study unit. Global solar radiation is the total
solar radiation received at the land surface. The aver-
age daily radiation throughout the study unit is approx-
imately 330 langleys per day (Phillips and McCulloch,
1972). Solar radiation has a strongly sinusoidal annual
cycle with a minimum of approximately 120 langleys
per day in December and a maximum of approximately
500 to 550 in June and July (Phillips and McCulloch,
1972). Daily variability is extreme and primarily
dependent on cloud cover and secondarily on atmo-
spheric contamination near larger cities.

Humidity

The evaporation rate at any given temperature is
inversely proportional to the humidity or vapor pres-
sure. Vapor pressure has a strong seasonal cycle with a
weak north-south gradient. In the far northern regions,
the average monthly vapor pressure ranges from 2.5
millibars (mb) in January to about 16 mb in July (Phil-
lips and McCulloch, 1972). In the south, in contrast,
average monthly vapor pressures range from 3 mb in
January to about 18 mb in July. Vapor pressures are rel-
atively constant throughout the day. However, as air
temperatures become cooler at night, the relative
humidity (which is inversely related to air temperature)
increases and condensation often occurs. In the winter,
condensation is in the form of frost.

Evapotranspiration

More than half of the precipitation that falls on
the study unit is lost through evaporation and transpira-
tion. Average annual evapotranspiration estimates have
been made for the period from 1931 to 1960 for the
Wisconsin portion of the study unit using a water-bud-
get technique (Oakes and Hamilton, 1973; Olcott,
1968; Skinner and Borman, 1973) (fig. 15). The water-
budget technique is based on the sum of evaporation

and transpiration which is equal to the sum of precipi-
tation and change in storage, less runoff and ground-
water storage. Estimates shown in figure 15 were made
using average values for individual components of the
water budget for individual river basins for the 30-year
period with the assumption that the change in storage
over this period was negligible. Evapotranspiration
varies across the study unit from less than 18 in. per
year (in./yr) in the north to over 24 in. in the southern
regions. Less evapotranspiration occurs in the northern
regions due to cooler air temperatures and a shorter
growing season. This difference results in more runoff
(discussed below) in the northemn areas of the study
unit than in the southern areas. Robertson (1987) esti-
mated average annual evaporation plus evapotranspira-
tion to be approximately 22 in./yr in the northwestern
regions of the study unit using the Thornthwaite
method (Thornthwaite and Mather, 1957).

Direct measurement of evaporation is extremely
difficult; therefore, estimates for water surfaces are
often made using pan measurements. Evaporation from
water surfaces estimated from pan measurements and a
pan correction coefficient, often referred to as potential
evaporation, is slightly higher than that estimated for
land and water surfaces using water budget techniques.
In the southern regions of the study unit potential evap-
oration was estimated to be about 2 in. greater than
actual evaporation, whereas in the northern regions
potential and actual evaporation are estimated to be
very similar (Phillips and McCulloch, 1972). No direct
measurements of pan evaporation are regularly made
within the study unit; however, measurements are
made just outside the study unit at Rainbow Flowage,
Wis., Marshfield, Wis., and Seney, Mich. (Nurnberger,
1982). Estimates of long-term evaporation and free-
water surface evaporation for the contiguous 48 United
States, including the study unit, are presented in Farn-
sworth and others (1982).

Evaporation and transpiration have a strong sea-
sonal component with much more of both occurring in
the summer months. Pan measurements at Marshfield,
Wis., just west of the central region of the study unit,
suggest monthly potential evaporation ranges from
about 7.5 in. per month (in./mo) in July to less than 2
in. per month in the winter. Estimated monthly and
annual potential evaporation in the north-central region
of the study unit using several theoretical relationships.
Annual estimates were quite variable ranging from 21
to 33 in./yr and monthly estimates ranging from about
4 to 7 in. per month in July to essentially no net
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Figure 16. Average annual air temperatures at Madison, Wis, 1890-1992.

potential evaporation in November. Robertson (1987)
also estimated evaporation plus transpiration in the
northwestern region of the study unit to range from 5
in./mo in July to zero in the winter months using the
Thomthwaite method (Thornthwaite and Mather,
1957).

Climatic Changes and Unusual Periods

In addition to the normal annual variability that
occurs in weather conditions, several extended periods
of unusual weather conditions and apparent climatic
changes that have occurred over the past 100 to 140
years. Only air temperature and precipitation data are
sufficient in length and quality to detect and quantify
these changes and are therefore discussed below.

Air Temperature

Average global air temperatures have increased
over the past 110 years, the period of reliable weather
records, by approximately 1.5°F (Hensen and Lebedeff,
1987). A similar change has occurred at Madison, Wis.
near the southern boundary of the WMIC study unit
(fig. 16) (Robertson and others, 1992). Since 1890, air
temperature records indicate two changes have
occurred in average-annual air temperature. The largest
change was a period of warming from about 1890 to
1930. Another period of relatively rapid warming
appears to have occurred from 1980 to 1992, during
which average annual air temperatures appeared to be
slightly higher than the 1930-40 period, which has been
identified throughout the U.S. as a significantly warmer
period.
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Changes in seasonal air temperature were exam-
ined by Robertson (1989) and Robertson and others
(1992) for Madison, Wis. Winter air temperatures
(extended back to 1851 using lake ice records) have
increased approximately 4°F since 1851. This overall
change appears to have been caused by two rather
abrupt changes: an increase of approximately 3°F about
1890 to 1930 and an additional increase of approxi-
mately 1.5°F about 1980 to 1992. Average summer air
temperatures have been relatively stationary since
1880 except for a period of unusually high air temper-
atures in the 1930’s. The higher annual temperatures in
the 1930’s were marked by higher summer air temper-
atures, whereas the higher recent air temperatures were
marked by higher winter air temperatures.

Precipitation

To describe long-term changes and unusual peri-
ods of precipitation, data collected at several sites were
examined: one site in Michigan (Escanaba) and four
sites in Wisconsin (Brule Island, Oconto, Oshkosh, and
Racine). The period of record for each site has a vari-
able starting date (1890 to 1922), but each continues to
1990. Deviations from the overall average total-annual
precipitation are variable and unusually wet or dry
years seldom extend throughout the entire study unit
(fig. 17). However, by smoothing the time series using
a three-year moving average (plotted in year two), sev-
eral unusual periods become apparent in each record
(fig. 18). No long-term trend is apparent in any of the
records except for Racine which, by chance, started in
a dry period and ended in a wet period.

Several periods with higher than normal precipi-
tation have occurred since 1890 (fig. 15). All of the
sites except Escanaba had higher than normal precipi-
tation in the 1970’s and 1980’s, except for a short
period in the late 1970’s. The earlier wet periods were
more variable, with the northern sites having wet peri-
ods occurring in the 1930’s and 1950’s. The mid-region
(Oconto and Oshkosh) also had a wet period in the
1900’s and 1910’s (Oconto).

Extended dry periods were also variable across
the study unit. All of the regions except the extreme
south (Racine) experienced the short drought in the late
1980’s. The central region of the study unit experi-
enced unusually dry conditions from 1930 to 1960.
However, in the north and the south, this extended
period was interrupted by several wetter than normal
years centered around 1940. The southern part of the
study unit experienced very dry conditions from about

1900 to 1950. This drought did not appear to have
much influence on the central regions (Oconto), and the
records in the north are too short to determine if any
effect occurred.

Atmospheric Deposition

Atmospheric deposition has been monitored
within and adjacent to the study unit since 1978. Cur-
rently, several federal and state agencies are involved
in monitoring atmospheric deposition.

In 1978, the National Atmospheric Deposition
Program (NADP) was established to monitor trends
and characterize geographical patterns in precipitation
chemistry throughout the United States. In 1982,
NADP merged with the National Trends Network
(NTN) of the National Acid Precipitation Assessment
Program (NAPAP) into what is now known as the
NADP/NTN. The program has grown from 22 sites in
1978 to 205 sites in 1990. In 1992, this program had
eight sites within 50 miles of the study unit, with one
being located on the Popple River (National Atmo-
spheric Deposition Program, 1991).

The NADP/NTN program collects atmospheric
wet and dryfall samples every six to eight days. Each
set of samples is analyzed for pH, specific conduc-
tance, (soluble reactive) phosphate, and major ions
(ammonium, calcium, chloride, magnesium, nitrate,
and sulfate). Seasonal loading, precipitation-weighted
mean concentrations, and national isopleth plots are
published annually to summarize these measurements.
The WMIC study unit is located near a steep gradient
in pH concentrations (fig. 19).

The Great Lakes Atmospheric Deposition
(GLAD) program also maintains three sites in the study
unit (Milwaukee, Manitowoc, and Green Bay) and has
additional sites in northwestern Wisconsin, the Upper
Peninsula of Michigan, and near Chicago, Ill. The
GLAD program, which began in 1981, collects weekly
wet-deposition samples. The samples are analyzed for
pH, specific conductance, acidity, alkalinity, and
selected metals, ions, and nutrients.In addition, from
1987 to 1990, biweekly wetfall samples and 24-hour
dryfall (air) samples (collected one out of every six
days) were collected at Green Bay and Peninsula State
Park, Wis., and at Big Bay Du Noc and Eagle Harbor,
Mich., and analyzed for polychlorinated biphenyls
(PCBs) and dieldrin as part of the Green Bay Mass Bal-
ance Study (E. Klappenbach, U.S. Environmental Pro-
tection Agency, Region 5, oral commun., 1992). Data
collected in 1982 and 1983 are described and compared
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Figure 17. Deviations and smoothed deviations from average annual precipitation at five sites in the Western Lake Michigan
Drainages study unit, 1890—1990.
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with NADP data by Gatz and others (1988). The data
were also combined with that from NADP sites to pro-
vide better spatial distributions for atmospheric deposi-
tion in 1982-83 (Gatz and others, 1988). Mercury
deposition in wetfall has been monitored by the Wis-
consin Department of Natural Resources (WDNR) at
three sites in Wisconsin, including one in the central
region of the study unit (Wisconsin Department of Nat-
ural Resources, 1991).

Dry deposition is also monitored on a national
level by the National Dry Deposition Program
(NDDN). This program, which began in 1987, has one
site near the west-central part of the study unit at Per-
kinstown, Wis. (Wisconsin Department of Natural
Resources, 1991). Approximately weekly samples are
collected by air filtering devices and analyzed for sul-
fate, nitrate, nitric acid, sulfur dioxide, ammonia, cal-
cium, sodium, magnesium, and potassium. Although
the concentrations in these samples are contained in a
computerized data base, they have not been converted
into loads due to difficulties in quantifying the mass of
the fallout.

Wisconsin has three additional sites in a Dry
Deposition Network (WDDN), one located at the Pop-
ple River reference site (Wisconsin Department of Nat-
ural Resources, 1991). The sites in the WDDN
program are sampled following the same protocols as
those in the NDDN program.

The impacts of precipitation chemistry on sur-
face and ground water in the WMIC study unit are due
to acid precipitation and toxic pollutant inputs. Each of
these impacts are considered separately.

Acid Precipitation

Precipitation with a pH of less than 5.0 is gener-
ally considered to be acidic due to human activities.
This pH value represents a 4-fold higher acid content
than ‘normal’ rain water with a nominal pH of 5.6, pre-
dicted from carbon dioxide equilibria. Precipitation in
the WMIC study unit is clearly acidic, with an average
pH of about 4.7 (fig. 19), representing a roughly 8-fold
higher acid content than nominally unaffected precipi-
tation.

Acid precipitation results largely from oxidation
of sulfur and nitrogen oxides in the atmosphere to pro-
duce sulfuric (H,SO,) and nitric (HNO,) acid, respec-
tively. The largest single source of acidity in
precipitation in the study unit is coal combustion in
large power plants which produces the majority of sul-
fur dioxide (SO,) (Wisconsin Department of Natural

Resources, 1990). Oxides of nitrogen also contribute to
acidity and are primarily formed by the oxidation of
atmospheric nitrogen in automobile engines.

Lakes and streams that are characterized by low
acid neutralizing capacity (<50 peq L'l) and low alka-
linity (<200 peq L'l) are considered to be susceptible
to damage from acid precipitation (Wisconsin Depart-
ment of Natural Resources, 1990). Both acid neutraliz-
ing capacity and alkalinity are controlled largely by the
chemical character of the soils, surficial deposits, and
bedrock of the watershed. The most susceptible lakes
and streams occur in the northern third of the study unit
which is underlain by igneous and metamorphic rocks
characterized by little buffering capacity. The lakes and
streams in the southern two-thirds of the study area are
underlain by calcareous sedimentary strata character-
ized by relatively high buffering capacity. Thus, none
of the lakes in this area are considered susceptible to
damage by acid precipitation.

Potential ecological effects of acidic precipita-
tion on surface waters include: a forced change in
aquatic species to acid-tolerant taxa, mobilization of
toxic substances such as heavy metals from sediments,
and mercury accumulation in large sport fish (walleye
and northern pike). The latter effect is notable in that
mercury levels in excess of standards drive several of
the fish consumption advisories in the study unit (Wis-
consin Department of Natural Resources, 1990). Inter-
estingly, high levels of mercury have been found in
several remote lakes, implicating atmospheric deposi-
tion as a major source of mercury to these systems.

Toxic Pollutants in Atmospheric Deposition

Atmospheric deposition (along with contami-
nated sediments) is presently considered to be the
major source of several critical pollutants in Lake
Michigan and its watershed (Eisenreich and Strachan,
1992; Strachan and Eisenreich, 1988). These pollutants
include PCBs, pesticides (DDT, dieldrin, toxaphene,
and mirex), PAH’s, dioxins, furans, hexachloroben-
zene, mercury, and alkylated lead; the critical pollut-
ants identified by the International Joint Commission
(Eisenreich and Strachan, 1992; Strachan and Eisenre-
ich, 1988). These trace toxic substances exist in the
atmosphere as vapors, adsorbed onto particles, and
associated with water droplets or ice crystals. Pro-
cesses that enhance the transfer of these pollutants
from the atmosphere to surface water (and possibly
ground water) include wet and dry deposition, direct

Climate and Weather 41



B [ T e T T T
4L ]
7] L I ]
uo [ il I"I 1l |||| -
T 0 F---m-mmmmmoee- [T} "..' ol [ Il - L - .
O [ ]| 1'nrn i
5 °f ||| i || ey
Z 4t ]
g [ Escanaba, Mich. - Average 27.97 inches ]
= _B PSRN AT Y SN U SUUN T AN SN TN SHNS VHNNY SH N ST SR WU SN (N ST ST GUON YU SN SRS N ST SN VN YOUNY TN T S N ST GO SO S AN SO SONOE ST SOV N VA S
:— 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990
E 8 e T T e
a r ]
(u?l L J
4 L ]
o L ]
. II|| III |
3 e s, I atdh, Jalll
T 0 I || || "I~
2 E ]
< 4 - .
o r ]
3 [ Brule Island Wis. - Average 30 01 inches ]
- -8 L N B cova b b e b by e
(@] 1 890 1900 1910 1 920 1930 1940 1950 1960 1970 1980 1990
‘l: L T o o S e o e e e B e
I, L ]
o . ]
s I|| ||||| | 1 |‘I|I | | ||| |
= oL I Illl || l Inlll .- I _.I lII .. | Il II I | 1
E o et I
: 3
w 4 =
I [ i
- [ Oconto W|s Average 28.96 inches ]
E _8 n RS U0 WY S S T N S S S | OSSO R S S WA S (N T SR N SN YT SR A S SO SR NS WU (T S W
8 1890 1 900 1910 1920 1930 1940 1950 1960 1970 1980 1990
T B T T T
n r ]
(LZICJ i
o ]
: o 18 |||| L II| allflith
o ' ! |
] o e '|"| I
a [ ]
g :
S [ Oshkosh, Wis. - Average 29.76 inches 1
w 8 PR SRNE T UNS VASNE SRR SR WA NN WA TV SR W NN SR T S SN Y S S YRS VU O S (T T ST ST U SN S S U U NS S SRS WA S S S
<>: 1 890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990
o L e o B L B L o
< r Racine, Wis. - Average 33.38 inches ]
3 4f ]
= A ]
N ! i II gl i,
L .. | 1.1 1.
S of |I|| e .Ill l-. . ||I||| " III Ill Il M- || _
> ' ]
1Y) a4 .
gl O e e e ]
1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990
YEAR

Figure 18. Three year smoothed deviations from average annual precipitation at five sites in the Western Lake Michigan
Drainages study unit, 1890—-1990.
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Figure 19. Annual precipitation-weighted mean hydrogen ion concentrations (pH) for the U.S. in 1990.
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gas exchange, and scavenging of gases and particles by
water and ice in clouds.

Absolute loading of PCBs from the atmosphere
to Lake Michigan appears to have peaked around 1970
and the net transfer now appears to be from Lake Mich-
igan to the atmosphere, reversing a long-term trend.
Other sources of some of these contaminants include
municipal and industrial incineration, engines, fur-
naces, and landfills. There are very few reliable analy-
ses for any other persistent organics in the study unit.

Hydrologic Characteristics

By Faith A. Fitzpatrick, Dale M. Robertson,
Daniel J. Sullivan, and David A. Saad

Surface Water

Surface water is influenced by a variety of natu-
ral and human factors, the effects of which are often
difficult to distinguish and separate (Dunne and
Leopold, 1978). Type, intensity, duration, and fre-
quency of precipitation are the main driving forces that
affect streamflow in the study unit. Other natural fac-
tors include drainage area, basin topography, storage
(presence of lakes and wetlands), vegetative cover,
snowcover, and soil permeability (Krug and others,
1992). Human effects on streamflow are both direct
and indirect. Building of dams, diversions, withdraw-
als, and discharges directly affect both long-term
records and seasonality in streamflow. The indirect
effects of other factors, such as conversion of natural
vegetation to agriculture or urban land, are harder to
distinguish from natural variations, because these
effects are superimposed on natural variations.

Drainage Basins

The Fox/Wolf River system drains the largest
basin (6,330 mi?) in the WMIC study unit. The head-
waters of the Wolf River define the western boundary
of the WMIC. The Wolf River is known for its scenic
beauty, fishing, and white-water paddling. It flows
south and joins the Upper Fox River in the southwest-
ern part of the basin. Downstream of this confluence,
the Upper Fox River flows through the city of Oshkosh,
Wis. and enters Lake Winnebago, where the direction
of the stream changes to northeast. This section of the
Fox River below Lake Winnebago is known as the
Lower Fox River. It flows through Appleton, Wis. and
drains into Green Bay at the city of Green Bay, Wis.

The Menominee River drains the second largest
basin (4,070 mi?) in the WMIC. Its headwaters, mainly
the Paint, Brule, Pine, and Popple Rivers, drain the
northwestern part of the study unit. The river and its
tributaries flow mainly from the northwest to the south-
east and also drain into Green Bay at the twin cities of
Menominee, Mich. and Marinette, Wis. The third larg-
est river system in the WMIC is the Peshtigo River
basin. It drains 1,100 mi® adjacent to and south of the
Menominee River system. The general aspect of the
drainage also is northwest to southeast. It enters Green
Bay near Peshtigo, Wis.

These three river systems combined drain 58
percent of the WMIC. The remaining 42 percent of the
study unit is drained by streams that flow directly into
Lake Michigan and range in drainage area from about
1000 mi? to less than 10 mi®. The six larger remaining
river systems include the Escanaba River (870 miz) and
Ford River (450 mi%) in Michigan; and the Oconto
River (982 mi?), Manitowoc River (526 mi?), She-
boygan River (418 mi®), and Milwaukee River (696
mi2) in Wisconsin. Combined, these six rivers drain
another 20 percent of the WMIC study unit.

Streamflow Conditions

Streamflow data at six USGS gaging stations
with long-term flow records (fig. 20) were examined
(Blumer and others, 1991; Holmstrom and others,
1991). These streams represent flow conditions in large
to medium streams, in mid-basin and at river mouths,
and in forested, urban, and agricultural settings (table
6). Mean monthly and annual streamflow data were
retrieved from the USGS National Water Data Storage
and Retrieval System (WATSTORE) (Hutchinson,
1975). The period of record available for each site
ranged from 92 years (Fox River at Berlin, Wis.) to 73
years (Fox River at Rapide Croche Dam near Wright-
stown, Wis.).

Streamflows at most gaging stations have been
affected by humans in one way or another (Blumer and
others, 1991; Holmstrom and others, 1991), and gaging
stations in the WMIC are no exception. Streamflow at
the Menominee River, the Wolf River near Shawano,
and the Fox River at Rapide Croche Dam near Wright-
stown are regulated by power plants or dams upstream
(U.S. Geological Survey, 1986). There are about 206
dams of various sizes and purposes in the Western Lake
Michigan Drainages (fig. 21).
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Table 6. Description of selected U.S. Geological Survey gaging stations in the Western Lake Michigan Drainages

study unit
Station Drainage Years Average
number Station name Location area of annual Land cover
mi2 record discharge
04063000 Menominee River near Florence, Wis.  45°57°04” 88°11°13” 1760 77 1,838 Forest
04071000 Oconto River near Gillett, Wis. 44°51°53” 88°18'00” 705 77 578 Forest
04073500 Fox River at Berlin, Wis. 43°57°14” 88°57°08” 1340 92 1,122 Agriculture
04077400 Wolf River near Shawano, Wis. 44°50°09” 88°37°30” 816 79 758 Forest/
Agriculture
04084500 Fox River near Rapide Croche Dam at  44°19°03” 88°11’50” 6010 73 4,252 Agriculture/
Wrightstown, Wis. Urban
04087000 Milwaukee River at Milwaukee, Wis.  43°06’00” 87°54’32” 696 77 426 Urban/
Agriculture

Low-flow and flood magnitude and frequency
characteristics have been published for gaging stations
in the WMIC by Holmstrom (1980), Krug and others
(1992), and Young (1963). These reports also contain
methods for estimating flow characteristics at ungaged
sites. Most of the flow at all sites occurs in the spring
from snowmelt (fig.22). The month with the largest
average flow is March at the southern sites and April at
the northern sites where spring thaw occurs later in the
year. Lowest flows generally occur in winter (January
and February) at both the Oconto (unregulated flow)
and Wolf (some dam-regulated flow) Rivers. The
Menominee River (regulated), the Fox River at Berlin
(regulated), and the Milwaukee River (regulated) have
winter flows which are similar to summer flows. The
Fox River at Wrightstown is the only site that has much
lower flow in summer than in winter, due to the dam
upstream of this site. During the summer dry season,
flow is restricted to keep the level of water in Lake
Winnebago higher and more stable (commonly
referred to as “recreational pool” level) than in winter.
During winter, water is released from the dam to main-
tain a lower pool level in Lake Winnebago.

Maximum variability in streamflow is greatest
during the spring at all sites. Changes over the time
series for each month have varied a great deal at all
sites; however, some sites have similar trends in devia-
tions of flow from average for a given month. Seasonal

variations in flow from the Wolf River and the Oconto
River are similar and may reflect local climatic varia-
tions over the last 80 years.

Widespread droughts and floods often occur at
irregular intervals in the WMIC study unit. From 1910
to 1988, seven major droughts and 12 floods have
occurred in Wisconsin (U.S. Geological Survey, 1991)
(table 7). Droughts have lasted from two to five years
whereas floods are usually single events or a series of
events that occur over a shorter period of time (days to
weeks).

In order to compare flow records with statewide
occurrences of floods and droughts, time series of the
deviations from average annual streamflow for each
year were constructed for selected sites over the entire
period of record (fig. 23). Deviations from average
annual flow indicate relatively dry and wet years. The
drought of the e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>