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Abstract. Observations at the Mauna Loa Observatory,
Hawaii, established the systematic increase of anthropogenic
CO2 in the atmosphere. For the same reasons that this
site provides excellent globally averaged CO2 data, it may
provide temperature data with global significance. Here,
we examine hourly temperature records, averaged annually
for 1977–2006, to determine linear trends as a function
of time of day. For night-time data (22:00 to 06:00 LST
(local standard time)) there is a near-uniform warming of
0.040◦C yr−1. During the day, the linear trend shows a slight
cooling of−0.014◦C yr−1 at 12:00 LST (noon). Overall, at
Mauna Loa Observatory, there is a mean warming trend of
0.021◦C yr−1. The dominance of night-time warming results
in a relatively large annual decrease in the diurnal tempera-
ture range (DTR) of−0.050◦C yr−1 over the period 1977–
2006. These trends are consistent with the observed increases
in the concentrations of CO2 and its role as a greenhouse gas
(demonstrated here by first-order radiative forcing calcula-
tions), and indicate the possible relevance of the Mauna Loa
temperature measurements to global warming.

1 Introduction

The observations since 1958 that established the systematic
increase of atmospheric CO2 (Keeling et al., 1976) were
carried out at the NOAA Observatory on Mauna Loa (alti-
tude 3397 m a.s.l. (above sea level)), Big Island, Hawaii. It
has been argued (Ryan, 2001) that this is an excellent loca-
tion to make atmospheric measurements because of the iso-
lation from localized anthropogenic and continental sources
and sinks. The well-mixed atmosphere at this isolated high-
elevation observatory has very small variations in CO2 con-
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centrations, and the observations have been widely taken as
representative of global average values (IPCC, 2007). We
suggest that this single high-altitude NOAA station at Mauna
Loa Observatory provides a background site for temperature
which may be of similar global significance as the CO2 data
obtained there. We note however, that unlike CO2, there
is considerably more spatial variability amongst temperature
trends. While there is a general trend of global warming,
there are large variations in temperature trends in various
parts of the world and in some regions there is cooling. We
use the high-quality hourly temperature data (NOAA, 2009)
from this observatory for the time period 1977–2006 to study
(a) trends in annual mean temperature data as a function of
the hour of the day, and (b) trends in annual mean diurnal
temperature ranges (DTR), where the DTR is the difference
between the maximum and minimum temperatures in a given
24 h period.

We recognize that temperature trends are often obtained
utilizing spatial averages of results from multiple sta-
tions, rather than one station. For example, Jones and
Moberg (2003) utilized 5159 stations to map global values
of surface temperature trends. In another example, trends for
averaged stations in the Hawaiian Islands have been given
by Giambelluca et al. (2008). However, we propose that us-
ing high-quality hourly temperature data obtained from this
high-altitude NOAA tropical site, might be consistent with
globally averaged temperature trends.

First, the 30-yr Mauna Loa NOAA observatory temper-
ature hourly data used, including missing observations, are
described (Sect. 2). Then, temperature trends for the period
of study as a function of time of day are given and a mean
rate of temperature warming is determined (Sect. 3). This
value is compared to IPCC (2007) global temperature trends
and warming rates inferred from changes in global CO2 con-
centrations. Next, the trend in DTR at this observatory is
derived and compared with other studies (Sect. 4). Finally,
the implications of our results are discussed (Sect. 5).
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2 Mauna Loa temperature data

The Mauna Loa Observatory hourly mean air tempera-
ture measurements used here are from the NOAA Earth
System Research Laboratory (ESRL) station 31 (altitude
3397 m a.s.l., 19.54◦ N, 155.58◦ W) and are measured in
an aspirated radiation shield at 2 m above ground (NOAA,
2009). During the 30-yr period, 1 January 1997 to 31 De-
cember 2006, three different systems were used to col-
lect temperature data (T. Mefford, Global Monitoring Di-
vision, NOAA, personal communication, 2009): (a) Jan-
uary 1977–December 1983: Thermistor; (b) January 1984–
October 1993: linearized thermistors; (c) October 1993–
December 2006: hygro-thermometer. Hourly data were
based on the mean of one minute samples from October 1993
to December 2006; previous to 1993, longer time periods
were averaged.

Prior to analysis, seven leap days were removed and miss-
ing hourly data were gap-filled. For the period of record,
1 January 1977–31 December 2006, there weren = 262 968
hourly measurements, of which 9695 values (3.7 %) were
missing. Missing values were found to be approximately
uniformly distributed by year and also as a function of the
hour of day. Interpolation to replace missing data was done
as follows: (a) if data for the missing hour were available
for that same hour within 7 days on both sides, these two
values were averaged; (b) if data as described in “a” were
not available, values were substituted from the subsequent
year for the same hour and day. The two types of interpola-
tion accounted for about 50 % each in terms of missing val-
ues. The longest gaps were 29 March–28 April 1984 and
14 August–15 September 1997; the first gap was caused by
a volcanic eruption at Mauna Loa which severed power lines
to the observatory and the second gap was caused by a major
lightning strike which affected all projects at the observatory
(T. Mefford, Global Monitoring Division, NOAA, personal
communication, 2009).

3 Temperature trends

Our first objective is to determine, as a function of each
hour of the day (h), the linear trends of the Mauna Loa
temperature data over the 30 yr of record, 1 January 1977
to 31 December 2006. We illustrate our data analyses
using hourly temperaturesT measured ath = 12:00 LST
(noon) and 24:00 LST (midnight). In Fig. 1, we show
the daily temperatures for the period of record at these
times of day. Also shown are the annual means of the
daily values and the best-fit linear trend (using ordinary
least-squares) to the annual values. The slope of the an-
nual trend line for 12:00 LST has a small rate of annual
cooling, dT /dt =−0.014± 0.014◦C yr−1 (uncertainties are
±1 s.e. (standard error) of the slope). The slope of the an-
nual trend line for 24:00 LST has a modest rate of annual
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Fig. 1. Temperatures at(a) 12:00 LST (noon) and(b) 24:00 LST
(midnight) at the Mauna Loa Observatory, Hawaii, 1977–2006,
based on hourly temperature data from NOAA (2009). Shown
are the 30-yr daily sequence of noon and midnight tempera-
tures T (light grey lines) as a function of timet from 1 Jan-
uary 1977 to 31 December 2006. Also shown (circles) are
the annual means of these daily values. The best-fit line us-
ing ordinary least-squares is shown for both times (thick solid
line), with slopes dT /dt (12:00) =−0.014± 0.014◦C yr−1 and
dT /dt (24:00) =−0.039± 0.010◦C yr−1 (uncertainties±1 s.e. of
the slope).

warming, (dT /dt = 0.039± 0.010◦C yr−1). Fitting a single
linear trend to the 30 yr of data can be questioned because
of their relatively large scatter; this is addressed in Sect. 4.
In addition to scatter, another source of variability is large
scale synoptic influences (Giambelluca et al., 2008) such as
the Pacific Decadal Oscillation (PDO). We emphasise linear
temperature trends in our analyses, so as to compare them
with the linear trend in global CO2 concentrations at the same
site.

The dependence ofT , the mean of all hourly temper-
atures at a specified time of day,h, as a function of
h, is given for the entire period (1977–2006) in Fig. 2a.
Values for T range from a maximumT = 11.0± 3.0◦C
at h = 12:00 LST (uncertainties are± s.d. (standard devia-
tion) of the daily values given in Fig. 1) to a minimum
T = 3.7± 2.2◦C ath = 05:00 LST (Fig. 2a). The dependence
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of the linear temperature trends for the entire period, dT /dt ,
as a function of the time of day,h, have values that
range from a warming trend dT /dt = 0.040± 0.009◦C yr−1

(±1 s.e. of the slope) ath = 02:00 LST to a slight cool-
ing trend dT /dt =−0.014± 0.014◦C yr−1 at h = 12:00 LST
(i.e., the slope of the trend given in Fig. 1a) (Fig. 2b). This
type of hour of day variability of dT /dt has been considered
previously for urban data in Japan (Fujibe, 2009).

The difference between the maximum and minimum
dT /dt in Fig. 2b is 0.054◦C yr−1. At night (22:00 to
06:00 LST) there is a near uniform heating trend with values
near dT /dt = 0.040◦C yr−1. During the day, in the morning
there is a reduction in the annual warming rate, with a local-
ized minimum (and overall cooling per year) at 12:00 LST
of dT /dt =−0.014◦C yr−1, and then an increase again of
the warming trend during the afternoon. It is interesting to
note the reflection symmetry about a horizontal line between
the shapes of the diurnal variability of the mean temperature
(Fig. 2a) and the temperature trends (Fig. 2b) as a function
of hour of day. Annual warming over the period of record in
Fig. 2b corresponds to low temperatures in Fig. 2a, and rela-
tive annual cooling in Fig. 2b to high temperatures in Fig. 2a.

We next consider whether the hourly values of the annual
temperature trends (dT /dt) over the 30 yr of record have sea-
sonal variability. In Fig. 3a we present temperature trends
as a function of hour of day on a seasonal basis, with the
four seasons defined as: spring (March, April, May), summer
(June, July, August), fall (September, October, November),
and winter (December, January, February). Winter includes
January and February from yeart and December from year
t −1. Also included in Fig. 3a are the annual mean values
from Fig. 2b (“all months”). From Fig. 3a we observe that
the seasonal variability at a given hour is on average only
about 25 % of the overall daily variability, with the depen-
dence of temperature trends on time of day very similar, in
terms of the overall shape of the five curves. The rates of
warming are highest in the spring and lowest in the fall and
winter. Comparing the mean annual warming (cooling) rates
of dT /dt as a function of hour of day for “all months” to
each season, spring values of dT /dt are overall higher, sum-
mer values very similar, winter values lower, and fall val-
ues mostly lower, except for 07:00–10:00 LST when they are
higher.

In order to further quantify for 1977–2006 the seasonal
effects on annual mean warming (cooling) as a function of
time of day, we give the number of hours per day that the
temperature trends have a specified range of annual warming
or cooling values. We illustrate our approach in Fig. 3b for
spring (March, April, May) finding there are 1.8 + 2.4 = 4.2 h
(out of 24 h) that the temperature trend is within the range
0.00≤ dT /dt < 0.01◦C yr−1, i.e. for spring during the 30-
yr period 1977–2006, 18 % of the hours during each cal-
endar day, on average, have zero to slight warming trends.
In Fig. 3c we present the number of hours per day with
dT /dt in a given temperature trend range (over 30 yr), cool-
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Fig. 2. Mean temperatures and best-fit trend-line slopes for the 30-
yr Mauna Loa Observatory, Hawaii data (NOAA, 2009), as a func-
tion of time of day (LST).(a) The mean of all hourly temperatures,
T , at a specified time of day,h, for 1977–2006 (circles) with error
bars±1 s.d. of hourly values at timeh for this period. The mean
of the time-of-day values isT = 7.11◦C (dashed line).(b) Annual
mean rates of warming (cooling) dT /dt (squares) are given as a
function of time of day,h (error bars±1 s.e. of the slope). The
values at 12:00 LST and 24:00 LST are the slopes of the trend lines
given in Fig. 1. The mean rate of warming (upper dashed line) for
all hours is dT /dt = 0.021± 0.011◦C yr−1 (± mean of error bars in
Fig. 2b).

ing (dark blue to light blue over three trend ranges) to warm-
ing (light red to dark red, five trend ranges), as a function
of four seasons and “all months”. Darker colours indicate
larger amounts of cooling (blue) or warming (red) over the
30-yr record. Summer and “all months” are very similar in
the distribution of hours amongst the different trend ranges,
with 17.7–17.9 h warming, on average out of the 24 h (74–
75 % of the time), and 6.1–6.3 h (25–26 % of the time) cool-
ing. Spring has the largest amount of warming, 21.2 h (88 %
of the time), and winter the largest amount of cooling, 7.7
h (32 % of the time). Fall, although similar to summer/all
months, in total number of hours of warming vs. cooling,
is the only season to have temperature trends over the 30-
yr record that go across all ranges of cooling and warming
presented in Fig. 3c.
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Fig. 3. Best-fit trend-line slopes, dT /dt , for the 30-yr Mauna
Loa Observatory, Hawaii data (NOAA, 2009), as a func-
tion of time of day, h, for each season and all months to-
gether: (a) Annual mean rates of warming (cooling) dT /dt

for 1977–2006 are given for “all months” (large squares, same
as Fig. 2b), and the four seasons: spring (diamonds; March,
April, May), summer (triangles; June, July, August), fall (small
squares; September, October, November), winter (circles; De-
cember, January, February). The mean rates of warming for
the four seasons are: dT /dt = 0.027± 0.019◦C yr−1 (spring),
dT /dt = 0.020± 0.012◦C yr−1 (summer), dT /dt = 0.018± 0.011
◦C yr−1 (fall), and dT /dt = 0.013± 0.022◦C yr−1 (winter), with
uncertainties± mean of the s.e. on slopes for each hour.(b) Ex-
ample of calculating the mean number of hours per day that
dT /dt are in a given range of warming (cooling), here done for
0.00≤ dT /dt < 0.01◦C yr−1 and spring, i.e. 4.2 h.(c) Number of
hours per day that overall temperature trends, dT/dt , at Mauna Loa
over the 30-yr period, is in a given “range” (see legend) going from
“cooling” (blue) to warming (pink/red), for each of the four seasons
and “all months”.
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Fig. 4. NCEP monthly reanalysis data (Kalnay et al., 1996; NOAA,
2010) for Sea Surface Temperature (SST) for the region surround-
ing Mauna Loa, 18.1–21.9◦ N and 153.8–157.5◦ W, 1977–2006.
Circles represent the mean of the monthly SST values for a given
year, with error bars± 1 standard deviation of the 12 monthly SST
values. The best-fit line using ordinary least-squares is shown
(solid line), with slope d(SST)/dt = 0.018± 0.006◦C yr−1 (uncer-
tainties± 1 s.e. of the slope).

The mean of the Mauna Loa Observatory annual
warming and cooling trends given in Fig. 2b gives
an overall warming trend (dashed horizontal line) of
dT /dt = 0.021± 0.011◦C yr−1 (± mean of error bars in
Fig. 2b). Giambelluca et al. (2008) obtained a mean rate of
warming for 1975–2006 averaged over four Hawaii stations
with elevations 916–3140 m a.s.l. of dT /dt = 0.027◦C yr−1,
which is consistent with our Mauna Loa mean warming trend
results, within the error bars.

Further to our Mauna Loa single instrument station
(micro-climate) analysis, regional analysis is performed
using NCEP (National Climate Environmental prediction)
monthly reanalysis data (Kalnay et al., 1996; NOAA, 2010).
Sea Surface Temperatures (SST) for the region 18.1–21.9◦ N
and 153.8–157.5◦ W for the period 1977–2006 were anal-
ysed. This 3.8◦ × 3.7◦ region contains the Mauna Loa Ob-
servatory (MLO) site in Hawaii, and reflects the temporal
pattern of SST in the region of Hawaii. The resultant trend
(Fig. 4) of SST as a function of year, gives a gradient over the
30 yr period of d(SST)/dt = 0.018± 0.006◦C yr−1 (±1 s.e. of
slope), consistent with our Mauna Loa mean warming trend
results, dT /dt = 0.021± 0.011◦C yr−1.

We now move from the local (micro-climate) and re-
gional trends, to global trends. The mean rate of warm-
ing inferred from averaged annual global surface temper-
ature measurements, 1980–2005, by the IPCC (2007) is
dT/dt = 0.018± 0.005◦C yr−1. We note the consistency of
the regional and global temperature trend values. Both of
these are also consistent with our local value at Mauna Loa.
One interpretation of these similarities is that the Mauna Loa
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Observatory value is representative of the mean rate of global
warming. This is in direct analogy to the widely accepted as-
sociation of the mean rate of increase in the concentration
of CO2, dC/dt = 1.6 ppmv yr−1 (ppm by volume per year)
measured at the observatory (CDIAC, 2009) over the same
period, with the rate of increase of CO2 globally. An alterna-
tive interpretation is that the regional SST trend is influencing
the local Mauna Loa Observatory temperature trend.

Examination of the theoretical relation between changes in
global mean atmospheric CO2 concentrations and changes in
global mean atmospheric temperatures relate to the change in
radiative forcing1F (Myhre et al., 1998)

1F = 5.35 ln

(
C

C0

)
, (1)

with 1F in W m−2, C the concentration of CO2 in ppmv, and
C0 a reference concentration for CO2. Based on annual mean
CO2 observations at the Mauna Loa Observatory (CDIAC,
2009), we takeC0 = 334 ppmv for 1977, andC = 382 ppmv
for 2006. Substitution of these values into Eq. (1) gives
1F = 0.72 W m−2. The change in mean atmospheric tem-
perature1T is related to the change in radiative forcing1F

by (IPCC, 2007)

1T = λ 1F, (2)

whereλ is the equilibrium climate sensitivity. Studies (Gre-
gory et al., 2002; IPCC, 2007) give a preferred valueλ = 0.8
[0.5 to 1.2]◦C m2 W−1. Substituting these values ofλ and
1F = 0.72 W m−2 into Eq. (2), gives1T = 0.58 [0.36 to
0.86]◦C for the 30-yr period 1977–2006 or dT /dt = 0.019
[0.012 to 0.029]◦C yr−1, very similar to the mean rate of
warming results we obtain for the Mauna Loa Observa-
tory (Fig. 2b), dT /dt = 0.021± 0.011◦C yr−1. Combining
Eqs. (1) and (2) gives:

T = 5.35λ ln

(
C

C0

)
+ T0, (3)

with T in ◦C, λ in ◦C m2 W−1, andT0 a reference tempera-
ture. At the end of Sect. 4, this equation will be used to fur-
ther explore the association between temperatures and CO2
concentrations at the Mauna Loa Observatory.

4 Diurnal Temperature Range (DTR)

To obtain the trend of the annual mean values of DTR at
the Mauna Loa Observatory for 1977–2006, we first ob-
tain the maximum and minimum hourly temperatures, for
each 24 h period,h = 01:00 to 24:00 LST. The mean of
these values over each calendar year gives the annual mean
maximum, Tmax, and annual mean minimum,Tmin, tem-
peratures (Fig. 5a). The best-fit linear slope (using ordi-
nary least-squares) for the annualTmax data for 1977–2006
is dTmax/dt =−0.011± 0.013◦C yr−1 (±1 s.e. of the slope),
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Fig. 5. Annual mean maximum temperatures (Tmax), minimum
temperatures (Tmin), and diurnal temperature ranges (DTR), for
1977–2006, based on hourly Mauna Loa Observatory, Hawaii data
(NOAA, 2009). (a) The sequence of annual mean maximum tem-
peraturesTmax (diamonds) and minimum temperaturesTmin (tri-
angles) are given as a function of timet for 1977–2006 (error
bars± 1 s.d. of daily values for that year). The best-fit linear
trends (solid and dashed lines) of the annual values are shown
along with their slopes (±1 s.e. of the slope). An illustration of
DTR =Tmax−Tmin for 1977 is also shown (vertical arrow).(b) The
annual mean values of DTR (squares) are given as a function of
time t (±1 s.d. of DTR values for that year). The best-fit linear
trend (solid line) of the annual values is shown along with its slope
(±1 s.e. of the slope).

which is, as expected, close to the 30-yr cooling trend of
dT /dt =−0.014± 0.014◦C yr−1 given in Figs. 1a and 2b for
12:00 LST (noon). The best-fit linear trend for the mini-
mum temperature is dTmin/dt = 0.038± 0.009◦C yr−1, which
is close to the 24:00 LST (midnight) night-time warming
trend given in Fig. 1b and the overall night-time warming
trends given in Fig. 2b.

The difference between the annual mean maximum and
annual mean minimum temperatures is the annual mean DTR
(illustrated for 1977 in Fig. 5a); this is equivalent to taking
the mean of the daily DTR values for the year. The an-
nual mean values of DTR are given in Fig. 5b as a func-
tion of time t , for the period 1977–2006 at the Mauna
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Table 1. Diurnal temperate range (DTR) studies compared [m a.s.l. = metres above sea level].

Source Location Time Period Elevation Number of d(DTR)/dt

(m a.s.l.) stations (◦C yr−1)

Giambelluca et al. (2008) Hawaii 1975–2006 3–768 17−0.012
916–3400 4 −0.036

Grant et al. (2005) Mt Washington, 1935–2003 1914 1−0.0020
New Hampshire

This study Mauna Loa, Hawaii 1977–2006 3397 1−0.050

Vose et al. (2005) Global 1979–2004∗ Variable 6970 −0.0001

∗ Individual stations had at least 20 yr of data.

Loa Observatory. The best-fit trend using ordinary least-
squares is d(DTR)/dt =−0.050± 0.007◦C yr−1 (±1 s.e. of
the slope). This absolute value of d(DTR)/dt is very close
to the difference between the maximum and minimum dT /dt

annual trends (0.054◦C yr−1) given in Fig. 2b as a function
of hour of the day.

The application of a single trend line to the 30 yr of
data at the Mauna Loa Observatory can certainly be ques-
tioned because of the relatively large scatter of the an-
nual data. To partially address this question, we di-
vided the annual DTR data (presented in Fig. 5b) into
two 15-yr periods and obtained the best-fit trends us-
ing ordinary least-squares. For 1977–1991, we obtain
d(DTR)/dt =−0.064± 0.021◦C yr−1 (±1 s.e. of the slope)
and for 1992–2006, d(DTR)/dt =−0.045± 0.013◦C yr−1.
As expected, decreasing the number of values in our sam-
ple fromn = 30 ton = 15, corresponds to an increase of the
s.e. of the slope. However, both d(DTR)/dt values are in rea-
sonably good agreement with the 30-yr trend given above
(d(DTR)/dt =−0.050± 0.007◦C yr−1).

In the DTR analyses above, the annual means,Tmax, Tmin
and DTR, are based on the means of daily minimum and
maximum hourly temperatures obtained from calendar days
(h = 01:00 to 24:00 LST). However, in doing so, there is
the possibility that an hourly minimum temperature for two
successive calendar days might be from the same evening
(e.g. one value is at 23:00 LST, the other at 01:00 LST).
To reduce the possibility of two successive daily minimum
temperatures being chosen from the “same” evening, one
can also consider an observational day (vs. a calendar day),
where the 24 h period considered begins in the morning
(e.g. 08:00 LST) or evening (e.g. 19:00 LST). A detailed dis-
cussion of the influence of different 24 h periods chosen on
daily minimum and maximum temperatures is given by Ja-
nis (2002). The analyses done in this section are therefore
repeated, but using an observational day fromh = 08:00 LST
(of a given day) to 07:00 LST (on the next day). We find
that the percent difference between individual annual mean
values using calendar days (i.e. the diamonds, triangles and
squares given in Fig. 5a and b) and observation days (be-

ginning at 08:00 LST), to be 0.0–0.2 % forTmax, 1.3–5.6 %
for Tmin, and 0.5–1.8 % for DTR. The resultant changes to
the overall trends given in Fig. 5a and b were also consid-
ered, and found to be very small, with percent changes to the
slope values given in Fig. 5a and b less than 1 % (dTmax/dt

by 0.9 %, dTmin/dt by 0.0 %, and d(DTR)/dt by 0.2 %). We
therefore conclude that the choice of 24 h period, when de-
termining annual means forTmax, Tmin and DTR, has little
effect on the overall trends shown in Fig. 5a and b, and con-
tinue to use calendar days for our analyses.

We compare our DTR results with those of other studies
(Table 1), ranging from analyses done on one single station
to 7000 spatially averaged stations. Grant et al. (2005) ob-
tained an annual DTR change (≈ −0.0020◦C yr−1, 1935–
2003) for a high-altitude station at Mt Washington that is ap-
proximately an order of magnitude smaller than our Hawaii
results (≈ −0.050◦C yr−1, 1977–2006). Although both sites
are high altitude, Mt Washington is influenced by a continen-
tal location and is closer to anthropogenic influences than the
Mauna Loa Observatory. There are also differences in local
winds, cloud cover, synoptic systems, and the period studied
is twice as long. Giambelluca et al. (2008) studied records
from 21 stations on Hawaii. They spatially averaged four
high-altitude stations (>900 m a.s.l.) over the period 1975–
2006 and found an annual DTR change≈ −0.036◦C yr−1,
slightly less than the value we obtain. Vose et al. (2005) ob-
tained maximum temperatures, minimum temperatures and
DTR trends globally for the period 1979–2004, approxi-
mately the same period we consider. With maximum temper-
ature data averaged over 7018 stations and minimum temper-
ature and DTR data averaged over 6970 stations, they found
dTmax/dt ≈ 0.0287◦C yr−1, dTmin/dt ≈ 0.0295◦C yr−1, and
an annual DTR change≈ −0.0001◦C yr−1. Differences with
our analysis in Hawaii are expected since most stations in the
Vose et al. (2005) global study are continental and at low el-
evations.

The seasonal variability of dTmax/dt , dTmin/dt and
d(DTR)/dt , is assessed for summer months (June, July, Au-
gust) and winter months (December, January, February) for
the 30-yr time period (Fig. 6). Also included are the annual
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Fig. 6. Annual mean maximum temperatures (Tmax), minimum
temperatures (Tmin), and diurnal temperature ranges (DTR), for
1977–2006, based on hourly Mauna Loa Observatory, Hawaii data
(NOAA, 2009), given for “all months” during the year, summer
(June, July, August) and winter (December, January, February).
(a) The sequence of annual mean maximum temperaturesTmax (di-
amonds) and minimum temperaturesTmin (triangles) are given as
a function of timet for 1977–2006, for all months considered to-
gether (dark red diamonds/triangles, same as Fig. 5a), summer (yel-
low diamonds/triangles) and winter (blue diamonds/triangles). An
illustration of DTR =Tmax−Tmin for 1977 is also shown (vertical
arrow). (b) The annual mean values of DTR are given as a function
of time t , for all months considered together (red squares, same as
Fig. 5b), summer (triangles) and winter (circles). Also shown in(a)
and(b) are best-fit linear trends of the annual values (dashed lines:
summer; dotted lines: all months; dash-dotted lines: winter). The
slopes for each line in(a) and(b) (±1 s.e. of the slope) are summa-
rized in Table 2, along with those from equivalent analyses for fall
and spring.

mean values (“all months”) from Fig. 5. In each case
the best-fit line (using ordinary least-squares) to the data
is also shown, with the resultant slopes summarized in Ta-
ble 2, along with those for spring (March, April, May) and
fall (September, October, November). From Table 2, it is
seen that there is some seasonal variability for dTmax/dt and
dTmin/dt trends, but very little variability in d(DTR)/dt . The
lack of seasonal variability in d(DTR)/dt suggests a mini-
mal role of local and regional influences (e.g. cloud cover,

Table 2. Best-fit annual mean trend line slopes, dTmax/dt , dTmin/dt ,
and d(DTR)/dt , based on hourly temperature data (NOAA, 2009)
from the Mauna Loa Observatory, Hawaii, 1977–2006, given for
four seasons (spring, summer, fall, winter) and all months. Trend
lines for summer, winter and all months are given in Fig. 6. Uncer-
tainties are±1 s.e. of the slope.

dTmax/dt dTmin/dt d(DTR)/dt
Time Period∗ (◦C yr−1) (◦C yr−1) (◦C yr−1)

Spring −0.003± 0.022 0.047± 0.013 −0.050± 0.013
Summer −0.011± 0.014 0.038± 0.010 −0.049± 0.008
Fall −0.018± 0.013 0.032± 0.009 −0.050± 0.009
Winter −0.019± 0.026 0.033± 0.016 −0.052± 0.012

All months −0.011± 0.013 0.038± 0.009 −0.050± 0.007

∗ Spring (March, April, May); summer (June, July, August); fall (September, October,

November); winter (December, January, February).

winds, synoptic systems), and does not reject the hypothesis
that the decrease in DTR may be associated with the increase
in global anthropogenic CO2.

We now address how changes over the period 1977–2006
in atmospheric CO2 relate to changes in Mauna Loa an-
nual mean temperature (T ), annual mean maximum (Tmax)
and minimum (Tmin) temperature (Fig. 5), and annual mean
DTR (Fig. 5). Based on Eq. (3) we show (Fig. 7) the de-
pendence of these annual mean variables as a function of
5.35 ln(C/C0), whereC is the annual mean concentration of
CO2 and C0 = 334 ppmv is for 1977 (CDIAC, 2009). For
each case, the best-fit line (using ordinary least-squares)
is shown, along with its slope, which from Eq. (3) is
the value of the equilibrium climate sensitivityλ. How-
ever, we recognise that this proportionality is directly ap-
plicable only toT , the annual mean temperature, i.e. the
temperature averaged over the 24 h calendar day (and all
days of the year). We obtainλ[T ] = 0.84± 0.45◦C m2 W−1

(±1 s.e. of the slope),λ[Tmax] =−0.48± 0.53◦C m2 W−1,
λ[Tmin] = 1.58± 0.38◦C m2 W−1, and λ[DTR] = −2.06±

0.28◦C m2 W−1. As previously noted in Sect. 3, our value
λ[T ] = 0.84± 0.45◦C m2 W−1 is in quiet good agreement
with preferred global values (Gregory et al., 2002; IPCC,
2007) of λ = 0.8 [0.5 to 1.2]◦C m2 W−1. The other three
slopes,λ[Tmax], λ[Tmin], λ[DTR], can be taken as proxies for
the relation between CO2 and the respective variablesTmax,
Tmin, and DTR. These three values ofλ once again empha-
size the difference between day-time temperature, night-time
temperature and DTR trends. Based on these values, we hy-
pothesize that the influence of CO2 increase is primarily a
night-time effect.
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Fig. 7. Annual mean temperatures (T , circles), maximum tem-
peratures (Tmax, diamonds), minimum temperatures (Tmin, trian-
gles), and diurnal temperature ranges (DTR, squares), calculated
for each year 1977–2006, based on the hourly Mauna Loa Observa-
tory, Hawaii temperature data (NOAA, 2009), given as a function
of 5.35 ln(C/C0) (see Eq. 3), whereC (CDIAC, 2009) is the an-
nual mean concentration of CO2 andC0 = 334 ppmv is the reference
value for 1977. Also shown for each temperature variable is the or-
dinary least-squares best-fit line along with its slopeλ (±1 s.e. of the
slope), which is the equilibrium climate sensitivityλ from Eq. (3).

5 Discussion

The systematic increase in atmospheric CO2 has been con-
vincingly demonstrated by measurements made at the Mauna
Loa Observatory (Keeling et al., 1976), where the tem-
poral change of annual mean values of CO2 concentra-
tions 1977–2006 is well represented by a linear trend
dC/dt = 1.6 ppmv yr−1. This site provides another example
of an area with minimally-varying site characteristics, such
as found in (often old) cities (Parker, 2006, 2010; Jones
and Lister, 2009), which have been used to detect regional
to global warming trends. The micro-scale temporal con-
sistency of the surroundings of the site, allows detection of
macro-scale (i.e. regional to global) warming trends. One
focus of this paper has been to consider the potential impli-
cations of the Mauna Loa temperature trends as a proxy for
global effects.

As discussed above, we have found (Fig. 2b) that
there is an overall annual warming trend of temperatures
dT /dt = 0.021± 0.011◦C yr−1 at this observatory for the
same period. This is very close to the Hawaii regional
sea surface temperature (SST) trend d(SST)/dt = 0.018
± 0.006◦C yr−1 for the period 1977–2006 (Fig. 4), the av-
erage “preferred” value of the IPCC (2007) for the pe-
riod 1980–2005 ofdT/dt = 0.018± 0.005◦C y−1 and our in-
ferred CO2 trend analysis value of dT /dt = 0.019 [0.012 to
0.029]◦C yr−1. We suggest that these similar trends may
tentatively imply that the Mauna Loa temperatures can be
associated with global variability, at least at low latitudes.

At the Mauna Loa Observatory, we find a systematic de-
pendence of temperature change on the time of day. During
the hours of darkness, there is a near-uniform annual warm-
ing during the 30-yr period 1977–2006 of 0.040◦C yr−1

(Fig. 2b). However, during the hours of sunlight there is a
systematic decrease in this warming trend during the morn-
ing, showing a slight cooling of−0.014◦C yr−1 at 12:00 LST
(noon), and then a systematic increase in the afternoon
(Fig. 2b). Over the 30-yr period, this dominance of night-
time warming results in a relatively large annual decrease
in the diurnal temperature range (DTR) of−0.050◦C yr−1

(Fig. 5b).
Newman et al. (2010) have studied the record breaking

statistics of the daily maximum and minimum temperatures
in the same 30-yr Mauna Loa, Hawaii data that we use here
(for 1977–2006). They consider maximum and minimum
temperatures on a daily basis. For the minimum tempera-
tures, they find an excess of the number of record setting
high temperatures compared to the number of record setting
low temperatures, while for maximum temperatures the num-
bers of record setting high temperatures and record setting
low temperatures are approximately equal. These results are
consistent with the moderate night-time warming and small
day-time cooling reported here.

In this paper we have discussed the observed temperature
trends at Mauna Loa in the context of global changes in CO2.
There are other potential causes for these temperature trends,
including local changes in wind velocity and cloud cover,
and variations in the occurrences and intensity of regional
synoptic systems. However, because of feedbacks, it is hard
to separate cause from effect. For example, we would expect
changes in temperature to impact and be impacted by cloud
cover, wind, etc., on the micro-scale and indeed all scales.
Doing a definitive study to separate cause and effect would
require significant physically-based modelling, which is out-
side of this study. A principal focus of this paper has been the
systematic downward trend in DTR. Environmental and sea-
sonal variations in DTR have been discussed by several au-
thors (e.g. Leathers et al., 1998; Scheitlin and Dixon, 2010).
As shown in Fig. 6b, there is very little seasonal influence on
the DTR trends at Mauna Loa.

Our basic hypothesis is that a large part of the temperature
and DTR trends at Mauna Loa can be attributed to changes
in CO2. At night, longwave radiation and turbulent sensible
heat fluxes dominate heat loss. Increasing presence of green
house gases will result in enhanced reradiation back towards
the surface and hence warming nocturnal temperatures. Dur-
ing the day time, shortwave radiation dominates, particularly
in tropical regions. It would be expected that the role of
green house gases would be greater in the early morning be-
fore significant heating enhances boundary layer depth. At
the end of the day, the boundary layer collapses. A possible
explanation for the middle of the day cooling is that the en-
hanced surface heating is actually resulting in greater mixing
and therefore a decrease in the near-surface green house gas
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concentration which would reduce incoming longwave radia-
tion. These trends are consistent with the observed increases
in the concentrations of CO2 and its role as a greenhouse gas,
and indicate the possible relevance of the Mauna Loa temper-
ature measurements to global warming.

Reference temperatures over specific 30-yr periods are re-
ferred to as temperature normals. We suggest that the hourly
temperature trends given in Fig. 2b, and the DTR trend given
in Fig. 5b, for the 30-yr period at Mauna Loa, could be con-
sidered temperature trend and DTR trend normals, poten-
tially representative of global values. Based on our results,
we suggest that both temperature and DTR trends should be
a part of studies of global warming. Specifically global cli-
mate model studies of global change should yield changes in
DTR consistent with observations.
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