Surface Heat Transfer and Irradiance



Introduction

Heat exchange between the water column and the atmosphere is considered proportional to the temperature difference between the water surface and a theoretical equilibrium temperature (Edinger et al. 1974):
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Equation 1
in which:

ΣH = surface heat exchange (watt m-2)

KT = heat exchange coefficient (watt m-2 oC-1)

Te = equilibrium temperature (oC)

Ts = surface temperature (oC)


The equilibrium temperature and heat exchange coefficient are inputs to the model.  They are not calculated within the model.  For most practical purposes, the model cannot be operated without these inputs.  Therefore we provide here a summary of the formulae for the calculation of equilibrium temperature and heat exchange coefficient and a FORTRAN listing of a program that performs the calculations.  The reader is referred to Edinger et al. (1974) for further details.


The equilibrium temperature and heat exchange coefficient can be updated at arbitrary intervals.  For applications to coastal waters, we have found daily updates to be sufficient.  For Lake Washington, concern about the effects of diurnal heating and cooling of the surface made more frequent updates desirable.  The concern was due to potential convectional mixing caused by surface cooling during the night hours.  In fact, no connection exists between surface cooling and mixing in the CE-QUAL-ICM model.  Convectional mixing is computed in the accompanying hydrodynamic model.  Heat exchange parameters were calculated once and used in both models, however, so frequent updates were employed in both models.  Meteorological data for calculation of heat exchange was largely 

available on an hourly basis but the record was irregular.  Consequently, heat exchange parameters were calculated for all available records and averaged into four-hour blocks.  Most averages consisted of four records but fewer and, occasionally more, records contributed to some averages.  

Heat Budget


 Surface heat exchange consists of the following processes:
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Equation 2
in which:

Hs = solar radiation (watt m-2)
Hsr = reflected solar radiation (watt m-2)
Han = net atmospheric radiation (watt m-2)
Hb = black-body back-radiation (watt m-2)
He = evaporative heat loss (watt m-2)
Hc = conductive heat loss (watt m-2)

Solar Radiation


Our calculation of solar radiation is derived from Tennessee Valley Authority (1972):
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Equation 3
in which:

Io = solar constant (1395 watt m-2)

r = radius vector

α = solar elevation

Radius vector.  The radius vector is defined:


[image: image4.wmf](

)

÷

ø

ö

ç

è

æ

-

×

×

+

=

D

r

186

365

2

cos

017

.

0

1

p


Equation 4
in which:

D = day of year (1 < D < 365)

Solar Elevation.  The solar elevation is defined (Kirk 1994):
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Equation 5
in which:

φ= latitude (radians)

δ= declination (radians)

Declination is given by:
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Equation 6
and
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Equation 7
in which:

t = hours since midnight

Net Solar Radiation.  Solar radiation is diminished by cloud cover and further reduced by reflection from the water surface.  Reflection is usually 5% to 10% of incoming radiation.  In view of the small value of reflection, precise calculation of this factor is not worthwhile.  A formula that accounts for cloud cover and reflection is (Ryan and Harleman 1973):
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Equation 8
in which:

Hsn = net incoming solar radiation (watt m-2)

C = cloud cover (0 < C < 1)

Atmospheric Radiation


Radiation emitted by the earth’s surface is absorbed by components of the atmosphere and emitted back to the earth and into space.  If clouds are present, additional radiation is emitted by water and ice particles at the cloud bottom.  Numerous formulae are available for atmospheric radiation.  We use “Swinbank’s formula” with modification for a cloudy sky (Tennessee Valley Authority 1972):
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Equation 9
in which:

Ha = atmospheric radiation (kJ m-2 h-1)

σ = Stefan-Boltzman constant (2.04x10-7 kJ m-2 h-1 oK-4)

Tabs = absolute air temperature 2 m above water surface (oK)

Net atmospheric radiation in model units (watt m-2 = kJ m-2 h-1 * 0.278), assuming 3% reflection at the water surface, is:
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Equation 10
Evaporative Heat Loss


Our formula for evaporative heat loss is obtained from Edinger et al. (1974):
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Equation 11
in which:

β = slope of saturated vapor pressure curve (mm Hg oC-1)

Ts = water surface temperature (oC)

Td = atmospheric dew point temperature (oC)

f(W) = windspeed function (W m-2 mm-1 Hg)

Slope of saturated vapor pressure curve.  β is defined:
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Equation 12
in which:

es = saturated vapor pressure at water surface temperature (mm Hg)

ea = vapor pressure in overlying air (mm Hg)

Windspeed Function.  A wide variety of windspeed functions is available.  We use the formula of Brady, Graves and Geyer (Edinger at al. 1974):
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Equation 13
in which:

W = windspeed measured 7 m above the water surface (m s-1)

Surface Heat Transfer and Equilibrium Temperature


Edinger et al. (1974) perform a number of substitutions and approximations to obtain two equations that provide surface heat transfer coefficient and equilibrium temperature through iterative solution:
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Equation 14
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Equation 15
in which:

Td* = modified dew point temperature (oC)

The modified dew point is given as:
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Equation 16
For these iterations, β is approximated:
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Equation 17
Since the water surface temperature, Ts, is not known when exchange coefficient is calculated external to the model, equilibrium temperature, Te, is substituted in Equations 14 and 17 with little loss of accuracy.  A FORTRAN code for evaluating heat transfer coefficient and equilibrium temperature is provided as an appendix to this chapter.

Irradiance


The solar radiation computed via Equation 8, in units of watts per square meter, is suited for heat budget calculations.  Solar energy, as watts per square meter (kJ s-1 m-2) or langleys per day (g calorie cm-2 d-1), has long been used to represent available light in phytoplankton models.  Modern measurements of photosynthetic processes employ photosynthetically active radiation (PAR).  PAR is the fraction of solar energy within the wavelengths 400 to 700 nm and is commonly measured as quanta or Einstein (1 mole of quanta) per unit area and time.  Our present phytoplankton kinetics are based on PAR as E m-2 d-1.  (This rate should not be confused with daily total irradiance, measured as E m-2.)  Ideally, PAR should be measured on-site, but these measurements are not always available.  Often, PAR must be derived from observed or computed solar radiation.   No exact, universal, conversion between solar radiation and PAR exists although the two must be related (Figure 1).  Numerous conversion factors have been published (e.g. Parsons et al. 1984, Kirk 1994) but we have had unsatisfactory results with these.  The conversion appears to depend on local influences and/or on instrumentation.  Our experience is that the conversion should be based on simultaneous measures of solar radiation and PAR and that the conversion may be site- or instrument-specific. 


No measures of solar radiation or PAR were available for the Lake Washington study.  We had available long-term measures of PAR at Horn Point MD
.  We proceeded as follows:

· Compute hourly clear-sky radiation, in watts m-2, at Horn Point for the year 1997.  These were computed with Equations 3 – 7.

· Average 24 hourly values into daily values, in watt m-2.  

· Account for effects of clouds on daily averages via the relationship expressed in Equation 8.

· Relate daily solar radiation, in watts m-2, to daily total PAR, in E m-2.

Linear regression, forced through zero intercept (Figure 1), indicated PAR = 0.143 * Hs, R2 = 0.71.  This relationship was built into the model code to convert calculated solar radiation to PAR.     
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Figure 1.  Daily PAR, measured at Horn Point MD, versus calculated solar radiation.

Appendix

C A FORTRAN PROGRAM TO COMPUTE SURFACE HEAT EXCHANGE AND EQUILIBRIUM

C TEMPERATURE OCTOBER 15, 2001

C TWO ERRORS CORRECTED FEB 13, 2002

      DATA PI /3.1416/, SOLAR_CONST /1395/

      REAL LATITUDE, KE 

      OPEN(10,FILE='heat_exchange.npt',STATUS='OLD')

      OPEN(11,FILE='heat_exchange.opt',STATUS='UNKNOWN')

C CONVERT LATITUDE IN DEGREES, MINUTES, TO RADIANS

      LATITUDE = 2. * PI * (47. + 32./60)/360.

C INITIALIZE DAYS FOR SCAN OF DUPLICATE RECORDS

      DAY_OLD = -999.

      HOUR_OLD = -999.

C INITIAL ESTIMATES OF PARAMETERS NEEDED TO ITERATE KE AND TE

      TENEW = 8.3

 1    READ (10,*,END=999) YEAR, MONTH, DAY, GMT, D_OF_YR, HOUR,

     $  DRY_BULB, WET_BULB, DEW_POINT, WIND, SKY_COVER

C SCAN FOR DUPLICATE RECORDS

      IF (D_OF_YR - DAY_OLD .LT. 0.0007 .AND. 

     $  HOUR - HOUR_OLD .LT. 0.0167) GO TO 1

C GET INTEGER DAY FOR OUTPUT

      IDAY = D_OF_YR 

C SOLAR RADIATION

      DECL = 23.45*PI/180. * COS(2.*PI*(172. - D_OF_YR)/365.)

      RAD_VEC = 1. + 0.017*COS(2.*PI*(186. - D_OF_YR)/365.)

      TAU = 2.*PI*(HOUR-12.)/24.

      SIN_ALPH = SIN(LATITUDE)*SIN(DECL) + 

     $  COS(LATITUDE)*COS(DECL)*COS(TAU)

      HS = SOLAR_CONST*SIN_ALPH/RAD_VEC/RAD_VEC

      HS = MAX(HS,0.)

C CORRECT FOR REFLECTION AND EFFECT OF CLOUDS AS PER R&H PAGE 31

C SKY COVER IS REPORTED IN EIGHTHS.  CONVERT TO FRACTION.

      SKY_COVER = MIN(SKY_COVER,8.)/8.

      HS = 0.94 * HS * (1.-0.65*SKY_COVER*SKY_COVER)

C FRACTIONAL DAYLENGTH AS PER TVA LAB REPORT 14, PAGE 2.10

      FD = ACOS(-SIN(LATITUDE)*SIN(DECL)/COS(LATITUDE)/COS(DECL))

     $  / PI

C ATMOSPHERIC RADIATION

C USE SWINBANK'S FORMULA AS PER TVA LAB REPORT 14, PAGE 3.18

C THEIR UNITS ARE KJ/M**2/HR.  0.278 CONVERTS TO WATTS/M**2

C ASSUME 3% REFLECTION  

      TABS = DRY_BULB +273.15

      HA = 0.937E-5 * 2.0411E-7 * TABS**6 *

     $  (1.+0.17*SKY_COVER*SKY_COVER)

      HA = 0.97 * 0.278 * HA

C TO USE DEWPOINT AS INITIAL GUESS AT TE, UN-COMMENT THE FOLLOWING LINE

C      TENEW = DEW_POINT

C ITERATE UNTIL TE CHANGES BY LESS THAN 0.1 C

C USE FORMULAE IN APPENDIX K OF EDINGER, BRADY, & GEYER

      FW = 9.2 + 0.46 * WIND * WIND

      DO I=1,100

        TE = TENEW

        TM = (TE + DEW_POINT)/2.

        BETA = 0.35 + 0.015 * TM + 0.0012 * TM * TM

        HN = HS + HA

        KE = 4.48 + (BETA + 0.47) * FW + 0.05 * TE

        TDSTAR = DEW_POINT + 0.47 * (DRY_BULB - DEW_POINT) / 

     $    (BETA + 0.47)

        TENEW = (HN - 306. + (KE - 4.48) * TDSTAR) / 

     $    (KE + 0.05 * TDSTAR - 0.025 * TE)

        IF (ABS(TENEW - TE) .LT. 0.1) GO TO 2

      END DO 

 2    WRITE(11,3) IDAY, HOUR, HS, KE, TENEW, WIND, FD

 3    FORMAT(I5, F8.2, F8.1, F8.2, F8.2, F8.1, F8.2)

      DAY_OLD = D_OF_YR

      HOUR_OLD = HOUR

      GO TO 1

 999  END







� This record has since been published (Fisher et al. 2003) along with concurrent measures of solar radiation so that a more accurate conversion than the one performed here may be possible.
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