Clim. Past Discuss., 6, 1685-1699, 2010 — —-& Climat
www.clim-past-discuss.net/6/1685/2010/ 6\ of the'“;:s‘i
doi:10.5194/cpd-6-1685-2010 G Discussions
© Author(s) 2010. CC Attribution 3.0 License. —

Temperature trends at the Mauna Loa
Observatory, Hawaii

B. D. Malamud1, D. L. Turcottez, and C. S. B. Grimmond'

1King’s College London, Department of Geography, Strand, London, WC2R 2LS, UK
2University of California, Department of Geology, Davis, CA 95616, USA

Received: 13 August 2010 — Accepted: 2 September 2010 — Published: 7 September 2010
Correspondence to: B. D. Malamud (bruce.malamud @kcl.ac.uk)

Published by Copernicus Publications on behalf of the European Geosciences Union.

1685

6, 1685-1699, 2010

Temperature trends
at the Mauna Loa
Observatory

B. D. Malamud et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/6/1685/2010/cpd-6-1685-2010-print.pdf
http://www.clim-past-discuss.net/6/1685/2010/cpd-6-1685-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

Observations at the Mauna Loa Observatory, Hawaii, established the systematic in-
crease of anthropogenic CO, in the atmosphere. For the same reasons that this site
provides excellent globally averaged CO, 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 y_1. During the day, the linear trend shows a slight cooling of —0.013°C y_1 at
12:00 (noon, LST). Overall, at Mauna Loa Observatory, there is a mean warming trend
of 0.021°C y‘1. The dominance of night-time warming results in a relatively large an-
nual decrease in the diurnal temperature range (DTR) of —0.050°C y'1. These trends
are consistent with the observed increases in the concentrations of CO, and its role as
a greenhouse gas, 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
CO, (Keeling et al., 1976) were carried out at the NOAA Observatory on Mauna Loa
(altitude 3397 m a.s.l. (above sea level)), Big Island, Hawaii. It has been argued (Ryan,
2001) that this is an excellent location to make atmospheric measurements because of
the isolation from localized anthropogenic and continental sources and sinks. The well-
mixed atmosphere at this isolated high-elevation observatory has very small variations
in CO, concentrations, 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 CO, data obtained there. We will use the
high-quality hourly temperature data (NOAA, 2009) from this observatory for the time
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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 stations, 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). Never the less, we believe that the study pre-
sented here, using high-quality hourly temperature data obtained from this high-altitude
NOAA tropical site, might be consistent with globally averaged temperature trends.

Our paper is organized as follows: In Sect. 2 we describe the 30-year Mauna Loa
NOAA observatory temperature hourly data used, including missing observations. In
Sect. 3 we give temperature trends for the period of study as a function of time of
day and determine a mean rate of temperature warming. We compare this value to
IPCC (2007) global temperature trends and warming rates inferred from changes in
global CO, concentrations. In Sect. 4 we derive the trend in DTR at this observatory
and compare it with other studies. We conclude in Sect. 5 with a discussion of the
implications of our results.

2 Mauna Loa temperature data

The Mauna Loa Observatory hourly mean air temperature measurements used here
are from the NOAA Earth System Research Laboratory (ESRL) station 31 (alti-
tude 3397m a.s.l.) and are measured in aspirated radiation shields at a height
of 2m above ground (NOAA, 2009). During the 30-year period, 1 January 1997
to 31 December 2006, three different systems were used to collect temperature
data (personal communications, 3/2009, Thomas Mefford, Global Monitoring Division,
NOAA): (a) 1/1977-12/1983: Thermistor; (b) 1/1984—10/1993: linearized thermistors;
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(c) 10/1993—-12/2006: hygrothermometer. Hourly data were based on averages of
minute samples from 10/1993 to 12/2006; previous to 1993, longer time periods were
averaged.

An important aspect of our data analyses is the treatment of missing data. For the
period of record, 1/1/1997-31/12/2006, there were n = 262 968 hourly measurements,
of which 9695 values (3.7%) were missing. Missing values were approximately uni-
formly 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 avail-
able 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 sub-
sequent year for the same hour and day. The two types of interpolation accounted for
about 50% each in terms of missing values. The longest gaps were 14/8-15/9/1997
and 29/3—-28/4/1984; 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 (personal commu-
nications, Thomas Medford, NOAA).

3 Temperature trends

Our first objective is to determine, as a function of each hour of the day h, the lin-
ear trends of the Mauna Loa temperature data over the 30 years of record, 1 January
1977 to 31 December 2006. We illustrate our data analyses using hourly temperatures
T measured at h=12:00 (noon, LST). In Fig. 1, we show the daily temperatures for
the period of record at this time of day. Also shown are the annual means of these
daily values and the ordinary least-squares best-fit linear trend to these annual val-
ues. The slope of this annual trend line for 12:00 has a small rate of annual cooling,
d7/dt =-0.014+0.014°C y’1 (uncertainties are +1 s.e. (standard error) of the slope).
Fitting a single linear trend to the 30 years of data can be questioned because of
their relatively large scatter. This question is addressed in Sect. 4. In addition to
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scatter, another source of variability (Giambelluca et al., 2008) is large scale synoptic
influences such as the Pacific Decadal Oscillation (PDO). We emphasise linear tem-
perature trends in our analyses, so as to compare them with the linear trend in global
CO, concentration measures at the same site.

Our results as a function of time of day A are given in Fig. 2. In Fig. 2a we give the
dependence of 7, the mean of all hourly temperatures at a specified time of day, h,
for the entire period. The values range from a maximum 7 =11.0+3.0°C at h=12:00
(uncertainties are 1 s.d. (standard deviation) of the daily values given in Fig. 1) to a
minimum 7 =3.7+2.2°C at h=05:00. In Fig. 2b we give the dependence of the linear
temperature trends for the entire period, d7/dt, as a function of the time of day, h. The
values range from a warming trend d7 /dt = 0.040+009°C y‘1 (£1s.e.of the mean) at
h = 02:00 to a slight cooling trend d7 /df = -0.014+0.014°C y‘1 at h = 12:00 (i.e., the
slope of the trend given in Fig. 1). This type of hour of day variability of d7 /dt has been
considered previously for urban Japanese data (Fujibe, 2009).

The difference between the maximum and minimum slopes for the trend lines
(Fig. 2b) is dT /dt =0.054°C y‘1. At night (22:00 to 06:00 LST) there is a near uni-
form heating trend with values near d7/dt =0.04°C y‘1. During the day time, there
is a reduction in the morning in the annual warming rate, with a localized minimum
(and overall cooling per year) at 12:00 of d7 /dt = -0.014°C y'1, and then an increase
again of the warming trend during the afternoon. It is interesting to note the similarity
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 relative
annual cooling in Fig. 2b to high temperatures in Fig. 2a.

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 d7/dt =0.021 +
0.011°Cy‘1 (xmean of error bars in Fig. 2b). This compares to Giambelluca et
al. (2008) who obtained a mean rate of warming for 1975-2006 averaged over
four Hawaii stations with elevations 916-3140m a.s.l. of dT/dt =0.027°C y_1. The
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mean rate of warming inferred from averaged annual global surface temperature

measurements, 1980-2005, by the IPCC (2007) is d7 /df =0.018 £0.005°C y‘1. Our
value is within the range of those given by the IPCC. This supports our proposal that
the Mauna Loa value is representative of the mean rate of global warming. This is in
direct analogy to the widely accepted association of the mean rate of increase in the
concentration of CO,, dC/dt =1.6ppmv y_1 (ppm by volume per year) measured at
the observatory (CDIAC, 2009) over the same period, with the rate of increase of CO,
globally.

We now examine the theoretical relation between changes in global mean atmo-
spheric CO, concentrations and changes in global mean atmospheric temperatures.
The radiative forcing AF has been given as (Myhre et al., 1998)

AF=535m(é;), (1)

0
with AF in Wm™, C the concentration of CO, in ppmy, and C, a reference concen-
tration for CO,. Based on annual mean CO, observations at the Mauna Loa Obser-
vatory (CDIAC, 2009), we take Cy=334ppmv for 1977, and C=392 ppmv for 2006.
Substitution of these values into (Eq. 1) gives AF=0.72Wm™2. The change in mean
atmospheric temperature AT is related to the change in radiative forcing AF by (IPCC,
2007)

AT = AAF, 2)

where A is the equilibrium climate sensitivity. Studies (IPCC, 2007; Gregory et al.,
2002) give a preferred value 1=0.8 [0.5 to 1.2]°C m? W', Substituting these values
of 1 and AF=0.72Wm™2 into Eq. (2), gives AT=0.58 [0.36 to 0.86]°C for the 30-year
period 1977—2006 or d7/dt=0.019 [0.012 to 0.029]°C y_1, very close to the results we
obtain for the Mauna Loa Observatory, d7 /df =0.021+0.011°C y'1.

1690

6, 1685-1699, 2010

Temperature trends
at the Mauna Loa
Observatory

B. D. Malamud et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/6/1685/2010/cpd-6-1685-2010-print.pdf
http://www.clim-past-discuss.net/6/1685/2010/cpd-6-1685-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

4 Diurnal temperature range

We now turn our attention to the diurnal temperature range (DTR), obtaining the
trend of the annual mean values of DTR at the Mauna Loa Observatory for 1977—
2006. We first obtain the maximum and minimum hourly temperatures for each
24 h period, h=00:00 to 23:00. These are then averaged over each year, to ob-
tain the annual mean maximum, 7,4, and annual mean minimum, 7,,,, temperatures
(Fig. 3a). The ordinary least-squares best-fit linear slope for the annual 7,,,,, data is
dThax/dt = -0.011+£0.013°C y_1 (£1 s.e. of the slope), which is, as expected, close to
the trend of d7/dt = -0.014+0.014°C y'1 given in Figs. 1 and 2b for 12:00 (noon, LST).
The best-fit linear trend for the minimum temperature is d7,;,/dt = 0.038+0.009°C vy,
which is close to the night-time 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. 3a); this is equiv-
alent to taking the mean of the daily DTR values for the year. The annual mean val-
ues of DTR are given in Fig. 3b as a function of time ¢, for the period 1977-2006
at the Mauna Loa Observatory. The ordinary least-squares best-fit linear trend is
d(DTR)/dt = -0.050 £ 0.007°C y‘1. This is very close to the difference between the
maximum and minimum annual trends (-0.054°C y'1) given in Fig. 2b as a function of
hour of the day.

The application of a single trend line to the 30 years of data at the Mauna Loa Ob-
servatory can certainly be questioned because of the relatively large scatter of the
annual data. To partially address this question, we divided the annual DTR data
in Fig. 3b into two 15-year periods and obtained the least-squares best-fit trends.
For 1977-1991, we obtain d(DTR)/dt = —0.06410.021°Cy_1 (£1s.e.of the slope)
and for 1992-2006, d(DTR)/dt = -0.045+0.013°C y'1. As the number of values de-
creases in our sample from n =30 to n =15, the s.e. of the slope increases. However,
both values are in reasonably good agreement with the 30-year trend given above
(d(DTR)/dt = —0.050+0.007°C y™ ).
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In the DTR analyses done in this section we have considered 7., Tmin @nd DTR to
be based on a calendar day (A =00:00 to 23:00). However, in doing so, there is the
possibility that 7, for two successive calendar days might be from the same evening
(e.g., one value is at 23:00, the other at 01:00). To reduce the possibility of two suc-
cessive T, values being chosen from the “same” evening, one can also consider an
observational day, where the 24 h period considered begins in the morning (e.g., 08:00)
or evening (e.g., 19:00). A detailed discussion of the influence of different 24 h periods
chosen on T,,,,, and T, is given by Janis (2002). We therefore repeated the analyses
done in this section, but using an observational day from A = 08:00 to 07:00 (on the next
day). We find that the percent difference between individual averaged annual values
using calendar days (symbols given in Figs. 3a and b) and observation days (begin-
ning at 08:00), to be 0.0-0.2% for T,5x, 1.3-5.6% for T,,,;,, and 0.5-1.8% for DTR. The
changes in the overall trends given in Fig. 3a and b were also considered, and found to
be very small, with percent changes to the slope values given in Figs. 3a and b chang-
ing by less than 1% (d7,,,,,/dt by 0.9%, dT,,,/dt by 0.0%, and dDT R /dt by 0.2%). We
therefore conclude that the choice of 24 h period chosen, when determining daily and
annual averages for T,.,, Tmin @nd DTR, has little effect on the overall trends shown in
Fig. 3a and b.

We compare our DTR results with those of other studies (Table 1), ranging from
analyses done on 1 to 7000 spatially averaged stations. Grant et al. (2005) obtained a
DTR trend-line slope for a high altitude station at Mt Washington that is approximately
an order of magnitude smaller than our Hawaii results. Although both sites are high al-
titude, Mt Washington is influenced by a continental location, is closer to anthropogenic
influences than the Mauna Loa Observatory, and the period studied is twice as long.
Giambelluca et al. (2008) studied records from 21 stations on Hawaii. They spatially
averaged the four high-altitude stations (>900m a.s.l.) over the period 1975-2006 and
found a yearly DTR change ~ —-0.036°C y'1, slightly less than the value we obtain.
Vose et al. (2005) obtained maximum temperatures, minimum temperatures and DTR
trends globally for the period 1979-2004, approximately the same period we consider.
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With maximum temperature data averaged over 7018 stations and minimum tempera-
ture and DTR data averaged over 6970 stations, they found dT,,, /dt ~ 0.0287°C y
dTpin/dt ~0.0295°C y‘1 , and a yearly DTR change ~ —0.0001°C y'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 elevations.

5 Discussion

The systematic increase in atmospheric CO, has been convincingly demonstrated by
measurements made at the Mauna Loa Observatory (Keeling et al., 1976), where
the temporal change of annual mean values of CO, concentrations 1977-2006 is
well represented by a linear trend dC/dt =1.6 ppmvy‘1. As discussed above, we
have found (Fig. 2b) that there is an overall annual warming trend of temperatures
d7 /dt =0.021 + 0.01 1°Cy‘1 at this observatory for the same period. This is very
close to both the average “preferred” value of the IPCC (2007) for the period 1980—

2005 of d7/dt =0.018 £0.005°C y'1 and our inferred CO, trend analysis value of
d7 /dt =0.019 [0.012 to 0.029]°C y_1.

At the Mauna Loa Observatory, we find a systematic dependence of temperature
change on the time of day. During the hours of darkness, there is a near-uniform annual
rate of heating during the 30-year period 1977-2006. However, during the hours of
sunlight there is a systematic decrease in this warming trend during the morning, and
a systematic increase in the afternoon (Fig. 2b).

At night, longwave radiation and turbulent sensible heat fluxes dominate heat loss.
Increasing presence of green house gases will result in enhanced reradiation back to-
wards the surface and hence warming nocturnal temperatures. During the daytime,
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 before sig-
nificant heating enhances boundary layer depth. At the end of the day, the boundary
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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 decrease
in the near-surface green house gas concentration which would reduce incoming long-
wave radiation. Relatively strong nocturnal warming can qualitatively explain “why”
global warming appears to be concentrated in the high-latitude Arctic (IPCC, 2007).
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Table 1. Diurnal temperate range (DTR) studies compared [m a.s.l. = metres above sea level].
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Source Location Time Period Elevation  Number of d(DTR)/df
(ma.s.l) stations ccy™

Grant et al. (2005) Mt Washington, 19352003 1914 1 —-0.0020

New Hampshire

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

This study Mauna Loa, Hawaii 1977-2006 3397 1 —0.050

Vose et al. (2005) Global 1979-2004® Variable 6970 —0.0001

2 Individual stations had at least 20 years of data.
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Fig. 1. Temperatures at 12:00 (noon, LST) at the Mauna Loa Observatory, Hawaii, 1977-2006,
based on hourly temperature data from NOAA (2009). Shown are the 30-year daily sequence of
12:00 (noon, LST) temperatures T (light grey lines) as a function of time ¢ from 1 January 1977
to 31 December 2006. Also shown (circles) are the annual means of these daily values. The
least-squares best-fit line is shown (thick solid line), with slope d7/dt = -0.014+0.014°C y'1
(uncertainties 1 s.e. of the slope).
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Fig. 2. Mean temperatures and best-fit trend-line slopes for the 30-year Mauna Loa data
(NOAA, 2009) as a function of time of day. (a) The mean of all temperatures, T, at a specified
time of day, h, are averaged for 1977-2006 (circles) (error bars +1 s.d. of hourly values for the
year). The mean of the time-of-day values is 7 = 7.11°C (dashed line). (b) Annual mean rates of
warming (cooling) d7/dt (squares) are given as a function of time of day, / (error bars +1 s.e. of
the slope). The mean rate of warming (upper dashed line) is d7/dt = —-0.021+0.011°C y‘1 (£
average of error bars in Fig. 2b).
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Fig. 3. Mean annual maximum and minimum temperatures, and diurnal temperature ranges
(DTR) for the 30-year Mauna Loa data (NOAA, 2009). (a) The sequence of annual mean Full Screen / Esc
maximum temperatures 7,,,, (diamonds) and minimum temperatures T, (triangles) are given
as a function of time t 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
(+1s.e. of the slope). (b) The annual mean values of DTR (squares) are given as a function of Interactive Discussion
time ¢ (+1s.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). @ ®
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