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The term ‘surface temperature’ has a variety of meanings. Logically, it should refer to the
temperature at the earth’s air-surface interface. However, it is often taken to mean the weather
station temperature. This is not a surface temperature. Instead, it is the meteorological surface air
temperature (MSAT). This is the temperature measured by a thermometer installed in a ventilated
enclosure located for convenience near eye level, 1.5 to 2 m above the ground [Oke, 2016].
Historically in the US, the daily minimum and maximum MSATs were recorded using Six’s
thermometer. The min and max readings are often averaged to give an ‘average daily temperature’.
The climate record is not simply the long term average of the weather station data [Andrews,
2017a; 2017b; 2017c; D’Aleo, 2010]. First, the raw data is processed using ‘homogenization’ to
remove measurement ‘bias’ and ‘infilling’ to create values for missing data. Area weighted
averages within given latitude and longitude ‘bins’ are then determined. To compare the weather
station record to computer model predictions, the ‘temperature anomaly’ is often used. This is the
long term temperature record with the mean subtracted to highlight the trends. The mean is usually
taken over a 30 year reference period. The apparent trends can depend on how the reference period
is selected. The end result may bear little resemblance to the raw data. These climate data sets
are then analyzed using advanced mathematical techniques to find trends that may or may not be
real. To the analyst, the data set is often just a number series, completely disconnected from the
original temperature measurements and devoid of any physical meaning.
The climate models do not use any kind of thermal engineering analysis to determine the surface
temperature. Instead, the models use an approach known as radiative forcing. It is well known
that an increase in surface temperature will produce an increase in the outgoing long wave radiation
(OLR) at the top of the atmosphere (TOA) or the tropopause. The OLR response to the surface
temperature is approximately linear [Koll and Cronin, 2018]. Radiative forcing assumes that this
energy transfer process works in reverse. A calculated change in long wave IR (LWIR) flux at the
TOA or the tropopause somehow produces a change in ‘equilibrium surface temperature’. The
radiative forcing calculation used to convert the change in LWIR flux to a temperature is a
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prescribed mathematical ritual that has changed little since it was described by Hansen et al in
1981 [[IPCC Ch.8, 2013; Hansen et al, 2005; 1981]. This approach assumes that some kind of
average equilibrium climate state exists. Then it is assumed that an increase in atmospheric CO 2
concentration will perturb this equilibrium state and produce a new state with a higher surface
temperature.
In reality, there is no such thing as an average equilibrium climate. The surface temperature is
determined by the energy transfer processes at the surface, including thermal storage.
Furthermore, the time dependence must be included. The local solar flux is always changing on a
daily and a seasonal time scale. At night it is zero. The concept of a 24 hour average solar flux
has little useful meaning. The starting point for any analysis of the surface temperature is that the
solar heat absorbed by the surface is stored in a thermal reservoir. Any change in temperature is
determined by the change in the heat content or enthalpy contained in the reservoir divided by the
heat capacity [Clark, 2019a; b; Clark, 2013a, b]. For non-equilibrium conditions, the coupled
LWIR flux defines a rate of heating or cooling, not an equilibrium temperature. The LWIR flux
cannot be separated from the other flux terms including the solar flux, the convective or sensible
heat flux, the evaporative or latent heat flux and subsurface conduction on land or the convective
circulation and transport in the oceans. The air-land and air-ocean interfaces have different energy
transfer properties and need to be considered separately.
Over land, all of the flux terms are coupled into a thin surface layer. This layer is heated during
the day by the absorbed solar flux. The net LWIR emission from the surface is insufficient to
remove the surface heat. Instead, the land warms up until the heat is dissipated by moist
convection. The warm land surface establishes a thermal gradient with both the cooler air above
and the subsurface ground layers below. For a dry surface under full tropical or summer sun
illumination, the surface temperature may reach or exceed 50 C, with a thermal gradient of
approximately 20 C. Here the surface-air thermal gradient is taken as the difference between the
surface and the MSAT temperatures. Other definitions may be used. The air is heated by direct
thermal transfer from the warmer surface. This establishes an upward convective cooling air flow
or sensible heat flux from the surface. If the surface is moist, evaporation also occurs and the
latent heat flux reduces the temperature rise. The subsurface thermal gradient conducts heat below
the surface during the first part of the day. Later, as the solar flux decreases, the thermal gradient
reverses and the stored subsurface heat is returned to the surface. The energy transfer processes
at the air-land interface are illustrated in Figure 1.
The maximum and minimum MSATs measure temperatures that are produced by two very
different energy transfer processes. The minimum MSAT generally occurs near dawn. At this
time, the surface air layer and the ground are usually at similar temperatures and the minimum
MSAT is approximately that of the bulk surface air temperature of the local weather system that
is passing through. The maximum MSAT is generally recorded in the early afternoon after the
peak solar flux at local noon. It is the air temperature produced by the convective mixing of the
warm air rising from the surface as it interacts with the cooler air at the MSAT thermometer level.
The increase in temperature from the minimum to the maximum is a combined measure of
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convective mixing, solar flux, cloud cover and surface moisture/precipitation. This mean that the
energy transfer information is contained in the minimum MSAT and the delta or (max – min)
MSAT.
An important concept here is the convection transition temperature. During the late afternoon or
evening, the land cools until it approaches the surface air temperature. There is no longer a thermal
gradient to drive the convection so the surface now cools more slowly by net LWIR emission.
This continues through the night until the surface is heated again by the sun the following day.
The convection transition temperature at which the surface and air temperatures equalize depends
on the bulk air temperature of the local weather system. This is reset each day by the local weather
patterns.

Figure 1: Energy transfer processes at the air-land interface.

Over the ocean, the surface is almost transparent to the solar flux. Approximately half of this flux
is absorbed within the first meter layer of the ocean and 90% is absorbed within the first 10 m
layer. The thermal gradient at the air-ocean interface is much small than that at the air-land surface.
Typically it is only 1 or 2 C. This means that the absorbed solar flux cannot be dissipated by the
combined net LWIR and sensible heat flux. The ocean surface must warm up until the excess heat
is removed by the latent heat from wind driven surface evaporation. The cooler water produced
at the surface then sinks and cools the bulk ocean layers below. It is replaced by upwelling warm
water. This is a Rayleigh-Benard type of convection with columns of water moving in opposite
directions. It is not a simple diffusion process. This convection cycle continues to provide heat to
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the surface at night, so the wind driven evaporation continues at night. The thermal storage is not
localized and heat can be transported and recirculated over very long distances. The penetration
depth of the LWIR flux into the ocean surface is 100 µm or less. Evaporation involves the removal
of water molecules from the surface. These two processes are combined within the first 100 µm
layer and cannot be separated. The energy transfer processes at the air-ocean interface are
illustrated in Figure 2.

Figure 2: Energy transfer processes at the air-ocean interface.

An important concept related to the time dependence that is lost in the temperature averaging is
the time delay or phase shift between the peak solar flux and the temperature response. There are
four different time delays or phase shifts that occur at the land-air interface. First, there is the
delay between the solar flux and the surface temperature response. Second, there is the delay
between the surface temperature response and the air temperature change. These two are coupled
since an increase in air temperature also leads to an increase in the LWIR exchange energy and a
change in convective flux. Third there is the delay between the surface temperature response and
the subsurface temperature change. This delay increases with depth. It was described by Fourier
in 1827 [Fourier, 1827]. Fourth, there is a seasonal delay between the solstice/equinox points and
the surface temperature response. This seasonal delay is a result of dynamic ocean thermal storage.
It is transported by the various weather systems and coupled to the land surface via the convection

4

Roy Clark

Surface Temperature

VPCN 004.1, Sept. 2019

transition temperature. Selected examples of the various land surface phase shifts are shown in
Figures 3a through 3d.

a) Flux terms and b) surface and air temperatures for a dry surface under full summer sun illumination
conditions. Derived from UC Irvine ‘Grasslands’ data.
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c) Subsurface heating: the phase shift or time delay for the temperature response increases with depth. The
magnitude of the heating decreases with depth and is limited in this example to the first 50 cm layer.

d) Daily average min, max and delta MSAT for Los Angeles civic Center, 1922 to 2008. The delta T stays
near 10 C for the whole year.
Figure 3: Phase shift and temperature data: a) diurnal surface flux terms and b) surface and air
temperatures for a dry surface under full summer sun illumination, c) Calculated subsurface temperatures
for dry surface, full summer sun illumination, 45 latitude. d) Daily average min, max and delta MSAT for Los
Angeles Civic Center showing the seasonal phase shift.
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Over the oceans there is a diurnal phase shift between the solar flux and the ocean surface
temperature rise that depends on both the solar flux and the wind speed. Figure 4 shows the effect
of wind speed on the diurnal temperature rise recorded at the TRITON buoy located on the equator
at a longitude of 165° E in the Pacific warm pool. These data were recorded during July 2010
[Clark, 2013b].

Figure 4: 1.5 m ocean temperature, wind speed and solar flux for 4 days, July 2010 recorded at the TRITON
buoy on the equator at 165 E in the Pacific warm pool. The diurnal temperature rise and the magnitude of
the phase shift decrease with increasing wind speed.
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During the summer at most latitudes, the solar heating exceeds the wind driven cooling. The lower
ocean subsurface layers are not coupled to the surface by convective mixing and a stable thermal
gradient is established. During the winter, the wind driven evaporation exceeds the solar heating
and the surface temperatures cool and establish a uniform temperature layer down to 100 m or
lower. There is a significant time relay or phase shift of 4 to 8 weeks between the solstice and the
ocean max/min temperature response. Figure 5 shows the seasonal variation in ocean temperature
at nominal depths of 5, 25, 50, 75 and 100 m derived from Argo float data [Clark, 2013a, 2013b].
Figure 5a shows the temperature data from a float drifting in the S. Pacific Ocean at latitudes and
longitudes near 21° S and 105° W. Higher latitudes show a similar behavior with lower
temperatures because of reduced solar heating.
At low latitudes near the equator, the diurnal and seasonal temperature variations may not be
sufficient to mix the subsurface layers below the 25 to 50 m levels and heat can accumulate at
these depths for extended periods. Figure 5b shows the temperature data from an Argo float
drifting in the S. Pacific Ocean at latitudes and longitudes near 1.5° S and 126° W. The diurnal
mixing layer is shallow and only extends down to the 50 m level about half of the time. The floats
are not tethered and the decrease in near-surface temperature with time is caused by an eastward
drift.
Heat continues to accumulate as the ocean water travels westwards with the Pacific equatorial
current. This leads to the formation of the equatorial ocean warm pool in the western Pacific
Ocean. The ocean surface temperature increases until the wind driven evaporation balances the
tropical solar heating at a surface temperature near 30 C and an average wind speed near 5 m s -1.
Variations in the wind speed across the Pacific Ocean then produce the characteristic El Nino
Southern Oscillation (ENSO). As the wind speed slows, the evaporation decreases and the ocean
current velocity decreases. Both of these factors increase the rate of surface heating and the warm
pool extent increases.
The changes in ocean surface temperature produced by the ENSO and other ocean oscillations
such as the Pacific decadal oscillation (PDO) and the Atlantic Multi-decadal Oscillation (AMO)
are transported over long distances by the weather systems that form over the oceans. They are
coupled into the weather station record through the daily convection transition temperature. The
seasonal ocean phase shift may therefore be found in weather station records far inland. Figure 6
shows the 30 year climate daily average minimum and maximum temperatures for selected
weather stations at 34°, 45° and 20° latitudes. The dotted lines indicate the peak solar flux at
summer solstice. The seasonal phase shifts can be seen in the peak temperatures that occur after
solstice [Clark, 2019a]. The 45° data include Sioux Falls and Flandreau SD.
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Figure 5: Argo float data for average latitudes of 21° and 1.5° S. At 21 S and higher latitudes, the solar
heating and wind driven evaporation interact to produce a stable subsurface thermal gradient in the summer
that is removed by excess cooling during the winter. Near the equator, the solar heating exceeds the
evaporation in the eastern Pacific Ocean leading to the formation of the equatorial warm pool.
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Figure 6: 30 year minimum and maximum daily average temperatures for selected weather stations at 34°,
45° and 20° latitudes. The dotted lines indicated the peak solar flux at summer solstice. The seasonal phase
shifts can be seen in the peak temperatures after solstice.
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Over the last 200 years, the atmospheric concentration of CO2 has increased by 120 ppm from 280
to 400 ppm. This has produced an increase in the downward LWIR flux at the surface of
approximately 2 W m-2. When this increase is added to the time dependent flux terms and coupled
to the land and ocean thermal reservoirs, the increase in surface temperature is too small to
measure. The observed changes in temperature in the climate record can be explained in terms of
ocean oscillations superimposed on a temperature recovery from the Maunder minimum [Clark,
2019b; Akasofu, 2010].
Based on this discussion, a completely different approach to the analysis of surface temperature is
needed. The current practice of averaging the minimum and maximum MSAT should be
eliminated and the minimum MSAT and the delta T should be analyzed separately using realistic
surface energy transfer terms. The idea of a ‘one size fits all’ climate model simulation in terms
of latitude and longitude bins should be abandoned. The models should be configured to calculate
the local weather station records, including any bias terms and location change. Climate models
should include simulations of the ocean oscillations and the coupling of these to the weather station
measurements. Concepts such as an equilibrium average climate state, radiative forcing and a
climate sensitivity constant have no basis in the physical reality of dynamically coupled thermal
reservoirs. These concepts belong in the same historical category of failed hypotheses as caloric,
phlogiston and the luminiferous aether.
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