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Relative humidity at Armagh Observatory, 1838—2008
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ABSTRACT: We present a calibrated atmospheric humidity series for Armagh Observatory, Northern Ireland. Beginning
in 1838 and continuing to the present day, this series is believed to be the longest presented so far. Daily wet-bulb and
dry-bulb temperature readings are corrected for the time of reading and for known instrumental errors to determine mean
monthly, seasonal and annual relative humidity (RH) at 09:00 GMT from 1838 to 2008 and at 21:00 GMT from 1844
to 1964.

The mean seasonal and annual time series of RH at this site show only marginal evidence for a trend in RH since the
1880s, however, there is significant decadal and multi-decadal variability, some of which appears to be cyclic. Wavelet
analysis indicates the presence of two quasi-periodic components in RH, one ranging from 23.4 to 25.5 years and the
other from 36 to 51 years. We discuss potential physical origins of these cycles such as changes in the atmospheric and
thermohaline circulation and the solar magnetic cycle. There is a small but significant anti-correlation between RH and

northerly winds.

Two conspicuous peaks in RH during the 19th century coincide with major infestations of potato blight in

Ireland. Copyright © 2011 Royal Meteorological Society
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1. Introduction

Water vapour is constantly cycling through the atmo-
sphere, evaporating from ocean and land surfaces, con-
densing into clouds and subsequently returning to the
ground as precipitation. These processes, known as the
hydrological cycle, are crucial to the Earth’s climate.
Whilst water vapour is also the most abundant of the
greenhouse gases, exceeding CO, and other minor con-
stituents of the atmosphere by several times in its
greenhouse contribution (Tyndall, 1861; Trenberth et al.,
2007), and critical for the habitability of the planet, its
possible variability over recent centuries has received
little attention compared to temperature and precipi-
tation (also: Manabe and Wetherald, 1967; Kiehl and
Trenberth, 1997; Held and Soden, 2000; Soden et al.,
2005).

Relative humidity (RH) is one of the parameters
used to quantify water vapour in the atmosphere. It
has been usually measured since the early 19th century
by readings from a matched pair of wet-bulb and dry-
bulb thermometers. Though such data are common, they
require careful calibration for known instrumental errors
and the time of reading. For these and other reasons,
extended series are rare. It is believed this may be the
first long humidity series to be presented.
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2. Data

A description of the site of Armagh Observatory
(54° 21'8.82”, —6° 38’58.50") and its environment has
been given by Butler ez al. (2005a). In general, though sit-
uated within the boundaries of a small historic cathedral
city, its predominantly rural surroundings have ensured
that there are no detectable urban climatic effects (Cough-
lin and Butler, 1998).

Meteorological observations began at Armagh Obser-
vatory in 1796, continued throughout the 19th and 20th
centuries (with a gap from 1825 to 1833), and are now
some of the longest-running sets of observations from a
single site in the British Isles. The climate series for this
site have been standardised taking into account all known
metadata surviving in the Armagh Observatory and UK
Meteorological Office (UKMO) archives. The published
series include: precipitation (Butler et al., 1998; Garcia-
Sudrez et al., 2002), air temperature (Butler et al., 2005a;
2005b; 2005¢); soil temperatures (Garcia-Sudrez and But-
ler, (2006); Garcia-Sudrez et al., 2005); and hours of
bright sunshine (Pallé and Butler, 2001; Butler et al.,
2005d). This paper extends the Armagh series to include
relative humidity. Additional papers on atmospheric pres-
sure, specific humidity, wind strength and direction are
planned.

Daily wet-bulb and dry-bulb temperature readings
in the morning commenced, initially sporadically, in
January 1836, gradually improving in regularity until
1840. From that year, to the present day, they are
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largely complete (Garcia-Suérez et al., 2007). Additional
evening readings were made from January 1844 to March
1965. The uncalibrated wet-bulb and dry-bulb tempera-
ture data are contained in manuscript form in M117 of
the Armagh Observatory Archives (Butler and Hoskin,
1987) and can be accessed electronically via the Armagh
Observatory Climate website (http://climate.arm.ac.uk).

Before and after entry into computer file, considerable
effort was taken to ensure accuracy of the raw daily data.
In the first instance, the meteorological observer, who was
normally a permanent member of staff at the Observatory,
registered the daily readings. These were monitored by
the director of the Observatory who was invariably
a competent scientist and frequently a specialist in
meteorology. From 1868 to the present day, monthly
reports have been submitted to the UK Meteorological
Office (UKMO) for further quality control, details of
which are preserved at the Public Record Office for
Northern Ireland (PRONI) and at Armagh Observatory
(Garcia-Sudrez et al., 2005). If at any stage a discrepancy
was spotted by the UKMO, this was communicated back
to the observer and the record amended. As a part of this
study, the UKMO reports at PRONI have been examined,
and differences between the Observatory and UKMO
records, where present, investigated. On rare occasions
when an error is suspected and cannot be traced, the
observation for that day is excluded.

Occasionally in winter, prior to 1868, when the wet
bulb was frozen no readings were recorded and no RH
is available for these days. Later, it became standard
practice to record the wet-bulb and dry-bulb readings
even when frozen. On such occasions, RH can be
computed using different equations (Sec. 3.4).

3. Homogenisation of the data series

Since wet-bulb and dry-bulb thermometer readings began
in 1836 there have been several changes in equipment,
exposure and the time of observation that could lead to
inhomogeneities in the series.

Here we describe known sources of inhomogeneity
in the series and our procedure for their elimination.
Other, unrecognised, sources of inhomogeneity could
conceivably remain.

3.1. Correction for instrumental error

Fortunately, wet-bulb and dry-bulb thermometers, unlike
maximum and minimum thermometers, do not need to
be reset after reading. They are, therefore, less prone
to accidental damage and can continue in use for long
periods. In addition, with RH dependent on the difference
between two matched thermometers, instrumental errors
in either of them should be quickly detected through a
systematic shift in the depression of the wet bulb relative
to the dry bulb. This has effectively ensured that the
thermometers were monitored for any calibration changes
that may have developed over the period of use.

Copyright © 2011 Royal Meteorological Society
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From January 1836 until 31 December 1884, the
wet-bulb and dry-bulb thermometer readings at Armagh
were made with a hygrometer manufactured by Jones
of London. No calibration data has been found for
this early instrument, and therefore, no instrumental
corrections are applied. From 1 January 1885 a new
hygrometer, supplied by the UKMO, was incorporated
in a Stevenson Screen. Henceforth, instruments were
supplied with calibration certificates and checked from
time to time for accuracy by a UKMO inspector. Only
systematic errors in temperature reported by the inspector
have been corrected — occasional sporadic differences
of the order of 0.1°C (the measuring error), that did
not repeat at successive inspections, were ignored. The
thermometers in use since 1836 and the instrumental
corrections applied to the raw data are listed in Table L.
Interpolation between corrections is made when they are
known to be temperature dependent.

3.2. Correction for exposure

Butler et al. (2005a) have described the location and
exposure of the maximum and minimum and wet-bulb
and dry-bulb thermometers used at Armagh Observa-
tory in the first half of the 19th century. Initially, the
instruments were placed in a bright metal box which was
situated in a north-facing window of the 1827 East Tower.
This effectively shielded the thermometers from sunshine
and allowed free circulation of air. From 1 January 1885
the thermometers were moved to a Stevenson Screen
on the South Lawn of the Observatory where they have
remained. A comparison of mean air temperatures mea-
sured in the bright metal box and the Stevenson Screen
carried out between December 2003 and October 2004
showed only a very small systematic difference in mean
temperature (~0.2°C). As relative humidity depends on
the difference between a matched pair of thermometers,
we do not expect this small difference in temperature to
affect RH.

Nevertheless, unlike the mean air temperature, max-
imum and minimum temperatures were found to differ
significantly from those in the Stevenson Screen in the
sense that values were less extreme at the window of the
East Tower. This was probably due to the close proximity
of masonry. On average, RH reaches its extremes at simi-
lar times to local air temperature, i.e. a minimum in early
afternoon and a maximum several hours after midnight.
Readings of the hygrometer, on the other hand, were
made at times (09:00 and 21:00 GMT) intermediate
between the extremes and thus, like mean air temper-
ature, should not be seriously affected by changes in the
extremes.

As a further check on the homogeneity of the RH
series before and after the installation of the Stevenson
Screen we have searched for a discontinuity in the
average annual RH between intervals of two and five
years prior to and following the move. For the two-
year means, the differences are —0.2% for the morning
series, and 1.2% for the evening. For the five-year means,

Int. J. Climatol. 32: 657-668 (2012)
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Table 1. List of corrections for wet-bulb and dry bulb thermometers.

Dry Bulb Wet bulb
Thermometer Period used/correction Thermometer Period used/correction
Temp. range applied (deg. F) temp. range applied (deg. F)
Jones 1 Jan 1836-31 Dec 1884 Jones 1 Jan 1836-31 Dec 1884
None None
No. 3256 1 Jan 1885-31 Dec 1899 No. 3254 1 Jan 1885-31 Dec 1899*
<32 F —0.1 <32 F —0.1
32-42 F -0.2 32-42 F —-0.2
42-72 F —0.1 42-72 F —0.1
>72 F —0.1 >72 F —-0.2
No. 3256 1 Jan 1900-2 Aug 1909° No. 3254 1 Jan 1900-2 Aug 1909°
<32 F —-0.3 <32 F —-0.3
32-42 F —0.2 32-42 F —-0.2
42-72 F -0.3 42-72 F —-0.3
>72 F —-0.3 >72 F —-0.2
No. 8087 3 Aug 1909-29 Feb 1972 No. 8088 3 Aug 1909-29 Feb 1972
<32 F 0.0 <32 F 0.0
32-52 F 0.0 32-52 0.0
52-72 F —0.1 52-72 F —0.1
>72 F 0.1 >72 F —0.1
No. 76825 1 Mar 1972—present No. 77111 1 Mar 1972—present
None None

2 Corrections were applied before entering into the record books.

b Corrections applied from 1900 to Aug 1909 were those from the calibration certificate plus a further correction of —0.4 F as recommended by

the inspector.

the differences are —2.0 and —1.4% respectively. If a
discontinuity in RH were to be present between 1884 and
1885 as a result of the shift in position of the hygrometer,
these four differences should be of the same sign and
similar magnitude. In fact, the difference between the
means, (for both two-year and five-year intervals), lack
any consistency in sign or magnitude. Furthermore, the
differences are mostly less than the standard deviation of
the annual means (1.7%). Incorrect adjustment of the raw
values to account for a presumed inhomogeneity can also
be a source of error and so, without strong overwhelming
evidence for a discontinuity, we consider it unwise to
take steps that may introduce more error. For the above
reasons, no correction to RH for the change in exposure
has been made.

In Section 4, we draw attention to an apparent discon-
tinuity in the evening series in the first decade of the
20th century for which no cause has been found in the
metadata.

3.3. Correction for the time of reading

Unlike exposure, the time of reading is expected to have
a significant effect on the measurement of humidity. This
is because, as mentioned above, RH has an appreciable
diurnal variation. Normally, RH changes fastest between
08:00 and 10:00 GMT in the morning, and 18:00 and
20:00 GMT in the evening; that is close to the time of
morning and evening readings. The morning observation
times have varied from 09:00 to 10:27 GMT over the
period covered by the series due to changes from local

Copyright © 2011 Royal Meteorological Society

Armagh time to Dublin time, and finally to GMT (Table I
of Butler et al., 2005a). There was a similar shift in
evening observation times which were always 12 h after
the morning readings.

A very similar problem was encountered in the
calculation of an equivalent daily mean air temper-
ature from twice daily air temperature observations.
Such data are commonly employed to extend instru-
mental temperature series to the period before reliable
maximum and minimum thermometers were available.
The problem was solved by Butler efal. (2005a)
for the Armagh temperature series using corrections
derived from mean diurnal temperature curves estab-
lished with hourly readings from a self-recording ther-
mograph maintained at Armagh Observatory from 1868
to 1883. This problem does not affect mean temper-
atures determined from maximum and minimum ther-
mometers for which the time of reading is less critical.
A basically similar correction method is employed here
for RH.

Our correction of the RH series proceeds as follows:
(1) to correct the raw wet-bulb and dry-bulb thermometer
readings for instrumental error; (2) to calculate the RH
from the wet-bulb and dry-bulb readings for the time of
observation according to the procedure outlined in the
following section; (3) to adjust the measured value for
the difference in humidity at 09 : 00 and 21 : 00 GMT and
the actual time of reading by reference to mean diurnal
humidity curves. Further details of this final correction
stage are given in Section 3.5.

Int. J. Climatol. 32: 657-668 (2012)
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3.4. Calculation of relative humidity from wet-bulb
and dry-bulb temperatures

The relative humidity (R H) is the ratio of the amount of
water vapour in the air, e(T), to the amount that it can
hold when the air is saturated, es(7"), multiplied by 100.
At the dry-bulb temperature, we have

RH =100 e(Tg)/es(Tap).- (1)

For the determination of RH, from Jensen et al.

(1990) and Harrison (1965), we note that: under normal
conditions with the wet-bulb temperature above 0°C,

e(Tgp) depends on both the dry-bulb and the wet-bulb
temperatures Ty, and Ty, according to the relation

e(Tap) = es(Twp) — A - P(Tgp — Top) ()

where: P is the mean atmospheric pressure in kPa
(assumed to be 101.3 kPa), A is the conversion factor

A = 0.00066 (1.0 + 0.00115 Typ) 3)

and es(7Typ) and es(T,p) are expressed in terms of Ty, and
Twp as follows:

es(Tgp) = exp{(16.78 Ty, — 116.9)/

(Typ + 237.3)} 4)
es(Typ) = exp {(16.78 Ty, — 116.9)/
(Twp + 237.3)}. (5

Occasionally, during winter months, the wet-bulb tem-
perature falls below 0°C and it is necessary to replace
the last equation for the saturation vapour pressure over
liquid water with one for the saturation vapour pressure
over ice. In these circumstances, we use the equation by
Buck (1981) as quoted by Vomel (2010):

es(Twp) = 0.61115 exp{22.452 Typ/(272.55 + Tup)}-
(6)
Note that the approximations inherent in these equa-
tions limit the accuracy in computed RH to £2%. In the
selection of the above equations from a number avail-
able in the literature (Vomel, 2010; Murphy and Koop,
2005) we have compared the calculated RH values with
those listed in the UKMO Hygrometric Tables (1964)
which, following correspondence with the UKMO (pri-
vate communication 2010), we have adopted as standard.
In deciding which of the various alternative equations
we should use, we took agreement with the UKMO
tables over the range in air temperature seen at Armagh
(—10 <T <30°C) as the test criterion. There was excel-
lent agreement (<1% in RH) for wet bulb temperatures
above freezing point using equations (4) and (5), and rea-
sonably good agreement (<2% in RH) below freezing
point using Equations (4) and (6).

Copyright © 2011 Royal Meteorological Society
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3.5. Correction of RH for the time of reading

As previously mentioned, changes in the time of obser-
vation can have a systematic effect on the derived values
of RH due to the rapid change in RH at this time. A
correction procedure, which relies on previously deter-
mined mean diurnal RH curves for Armagh Observatory,
has been used here to transform the measured RH to that
which would have been measured at 09:00 GMT and
21:00 GMT. The diurnal humidity curves are formed
from hourly wet-bulb and dry-bulb temperature readings
by the Self-Recording Thermograph which operated at
Armagh Observatory from 1868 to 1883 as part of a net-
work of automatic weather stations set up by the Board of
Trade. This instrument, of which a contemporary work-
ing model can be seen at Valentia Observatory, County
Kerry, was described in a Report of the Meteorologi-
cal Committee of the Royal Society (1867). As for the
first years of operation, only graphical data were avail-
able to us, we use here the data for the years 1874—1883
which were tabulated monthly by Scott (1874—1883). An
engraving of the Self-Recording Thermograph at Armagh
was published in Figure 1 by Butler ez al. (2005a).

To form the diurnal humidity curves, first mean hourly
humidity values are computed for each day of the year
for the ten years 1874—1883. As these define humidity
curves that are still rather erratically variable (due to too
small a sample size) they are further averaged over a 15-
day interval, that is, including data for the 7 days prior
to and the 7 days following the appropriate day, plus the
day itself. Each hourly datum point on the curve is now
the mean of 150 individual readings of RH. These curves
are found to vary smoothly throughout the year (Figure 1
for examples).

In order to transform the measured RH in the morning
to the equivalent at 09:00 GMT, we effectively move

(@)

(b)

Figure 1. Mean diurnal humidity curves for the 15th day of each
month from the Self-Recording Thermograph operated by the Board
of Trade at Armagh Observatory from 1868 to 1883. (a) January to
June, (b) July to December. This figure is available in colour online at
wileyonlinelibrary.com/journal/joc

Int. J. Climatol. 32: 657-668 (2012)
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the mean curve for the appropriate date vertically to fit
the measurement at the time of reading and read off the
equivalent value at 09:00 GMT. A similar procedure
is used to correct the evening readings to 21:00 GMT.
Though on any particular day, this procedure may not
give the correct value, because actual as opposed to
mean, RH curves are so variable, it should remove any
systematic bias due to the time of reading, and therefore,
allow the computation of meaningful monthly, seasonal
and annual averages. No correction is made for the time
of reading after 1 June 1938, the date from which all
observations have been made at 09:00 and 21 :00 GMT.

It should be noted that the correction procedure for the
time of observation depends on the shape of the mean RH
curves, not their mean level. As their shape depends pri-
marily on the diurnal temperature curves (which in turn
depend on the altitude of the Sun), we do not expect to
see any long-term changes in shape and RH curves deter-
mined from measurements over a specific ten-year inter-
val (1874—1883) should be applicable to the whole series.

3.6. Daily RH

The daily, mean monthly, seasonal and annual RH values
for the period 1838-2008, which are corrected for all
known instrumental errors and the time of reading, are
tabulated by Butler and Garcia-Sudrez (2010) and are
available from the Armagh Observatory climate website
http://climate.arm.ac.uk.

Figure 2 shows daily, corrected, RH values plotted
against day number together with the mean curve for both
the morning and evening series. A minimum in RH in late
spring of about 79% is followed by a broad maximum
near 89% which lasts throughout the winter months.

Over the 171 years (>62000 days) covered by the
Armagh morning humidity series, only 12 days have RH
<40% and only 90 days have RH <50%. Most of these
occur in spring or early summer, the driest time of the
year. Approximately 99% of all daily values lie between
60 and 100% RH.

3.7. Comparison with neighbouring meteorological
stations

As a check on our data standardisation procedures,
we have compared the RH at 09:00 GMT from
Armagh Observatory with that for the nearest UKMO
station at Loughall, County Armagh (54° 24'28.46",
—6° 35'30.89”). This station, which has operated at its
current site since 1995, is situated approximately 11 km
NNE of Armagh Observatory in the grounds of a for-
mer agricultural research station. The exposure of the
Loughall and Armagh meteorological stations is similar
with both placed close to the top of a small drumlin.
However, the altitude of the Armagh site (62 m) exceeds
that of Loughall (37 m) by 25 m.

In Figure 3, we show the mean monthly RH at Armagh
Observatory together with the mean monthly RH from
Loughall for the period 1996-2005, kindly supplied by
the UKMO. We note the closely similar behaviour of the
mean RH at the two sites, over the period in common,

Copyright © 2011 Royal Meteorological Society
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Figure 2. Daily corrected RH plotted against day number. (a) RH at

09:00 GMT, 1838-2008; (b) RH at 21:00 GMT, 1844—1964. The

mean curves are running means with a Gaussian profile filter of 10 days
half-width.

though there are some differences in the amplitude of the
annual variation with the mean summer RH at Armagh
systematically higher than at Loughall. This is most likely
a result of the differences in altitude, topography and
vegetation at the two sites. There is little or no difference
in mean RH at the two sites in winter.

An attempt to compare with the longer running UKMO
station at Aldergrove Airport, 44 km NE of Armagh, was
not successful due to several significant changes in the
location of the meteorological enclosure there and in the
type of equipment employed.

3.8.

In Table II we show the mean seasonal and annual RH
over various extended periods in the morning and evening
series at Armagh together with the standard deviation
from the mean (rms deviation). We take 1884/1985 as a
break point as it marks the change in exposure from a
North Wall Screen to a Stevenson Screen even though
there is little or no evidence for a discontinuity in RH at
this time (Sec. 3.2). For the morning series, we include
the standard climatic reference period 1961-1990.

We note: (1) That seasonal means stay within the
range 79-92% with a minimum in spring or summer
and a maximum in autumn or winter; (2) The standard
deviation from the mean is highest in spring and summer;
(3) In summer, RH is, on average 6—7% higher in the
evening (21:00 GMT) than in the morning (09:00

Mean seasonal and annual RH at Armagh

Int. J. Climatol. 32: 657-668 (2012)
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Figure 3. Comparison of mean monthly RH at Armagh Observatory and Loughall meteorological stations 1996-2005; histogram — Armagh;
crosses — Loughall.

Table II. Mean seasonal and annual relative humidity and (1) Firstly, we note that the mean annual RH at 09:00

standard deviation from the mean.

09:00 GMT

Period Winter Spring Summer Autumn Annual
1838-2008  89.8 81.1 80.8 88.1 85.0
Stand. dev. 1.7 2.6 29 1.8 1.7
1838—-1884  89.7 79.8 79.0 87.7 84.2
Stand. Dev 1.8 2.7 3.4 1.7 1.9
1885-2008  89.8 81.6 81.4 88.3 85.3
Stand. dev. 1.6 23 2.2 1.7 1.4
1961-1990  90.4 82.9 81.7 89.4 86.1
Stand. dev. 1.7 1.9 2.0 1.5 14
21:00 GMT

Period Winter Spring Summer Autumn Annual
1844-1964  89.7 84.6 86.8 90.1 87.8
Stand. dev. 1.8 2.6 2.1 1.7 1.6
1844-1884  90.3 85.8 88.1 91.2 88.9
Stand. dev. 1.5 2.1 1.9 1.4 1.2
1885—-1964  89.3 84.0 86.2 89.6 87.3
Stand. dev. 1.8 2.7 1.9 1.7 1.6

GMT). This is also evident in the mean diurnal humidity
curves in Figure 1; and (4) Differences between long-
term averages for the same season are generally less
than 3%.

4. Humidity time series

In Figure 4, we show the time profiles of the morning and
evening, seasonal and annual, mean humidity at Armagh.
There are some similarities and some differences between
the morning and evening series:

Copyright © 2011 Royal Meteorological Society
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3)

)

GMT is more or less flat from 1880 to 2008 which
would suggest that there has been little systematic
change in mean RH at this site over the past
130 years. To further explore whether or not there
are any significant trends in RH we have subjected
the morning and evening, annual and seasonal, series
to simple regression analysis (Table III). Taking the
whole data series (1838—2008), all morning series
except winter, have a slight positive trend with an
increase in RH of about 1% per century. However,
if we exclude all data before 1885, the trend in the
morning annual series drops by half. On the other
hand, for the evening series (1844-1964), in all
seasons we find a slight negative trend with a fall
in RH averaging about 1.5% per century. Bearing in
mind the accuracy of RH measurements (circa 2%)
and the cyclic variability discussed later, we consider
these trends to be only marginally different from zero.
Many of the year-to-year differences in the morning
series are closely paralleled by those in the evening
series, over the period in common. This suggests that
much of the year-to-year variability in both series is
real.

There appears to be some quasi-cyclic behaviour
in both series with peaks around 1845, 1880, 1920
and 1970 which we will discuss further in the next
section.

It is noticeable that the year 1846, which marked the
peak of the great potato famine in Ireland (caused
by the humidity-sensitive fungus Phytophthora Infes-
tans, OGréda, 1989), lies in the first period of high
RH in the morning series. A second major outbreak
of potato blight occurred in the late 1870s during the
second 19"-century humidity peak.

Int. J. Climatol. 32: 657-668 (2012)
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Figure 4. The time profiles of mean seasonal and annual RH at Armagh Observatory: (a) at 09:00 GMT, 1838-2008; (b) at 21:00 GMT,
1844-1964. Note that similar periodic fluctuations are present in all panels but are most clearly seen in the annual means in bottom panel of (a).

Table III. Long-term trends in relative humidity (a.m.).

Duration Season Slope Stand. 95% Confidence R
% pa  error limits

1838-2008 Winter —0.001 +0.003 —0.006 to 0.004 0.03
Spring 0.017 £0.004  0.009 to 0.024 0.31
Summer 0.018 £0.004 0.008 to 0.024 0.28
Autumn  0.010 £0.003  0.005 to 0.015 0.29
Annual  0.011 £0.002 0.005 to 0.015 0.30

1885-2008 Winter —0.009 +£0.004 —0.017 to 0.001 0.19
Spring 0.015 £0.006  0.003 to 0.026 0.22
Summer 0.004 £0.005 —0.007 to 0.014 0.06
Autumn  0.014 £0.004 0.006 to 0.023 0.30
Annual  0.006 £0.004 —0.001 to 0.013 0.15

(5) There are dips in the morning/evening series which
are not replicated in the evening/morning series, such

Copyright © 2011 Royal Meteorological Society

as the dip in the spring and summer morning series
in the late 1860s which lasted about 5 years, and
the dip in the spring and summer evening series,
which started about 1900 and lasted about 17 years.
We have searched the metadata for this site to see
if any change in observing practice occurred, such
as a previously unnoticed shift in the time of the
morning/evening readings, but have found nothing
to which we can attribute these effects.

5. Cyclic analysis of the humidity time series

As a consequence of the apparent cyclic variability of
RH, we subject here both series to periodic analysis
using the Wavelet techniques developed by Torrence and
Compo, (1998). Wavelets are able to identify transient
cyclic effects in time series and give an estimate of their
significance.
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(a)
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(b)

Figure 5. The wavelet power spectra for the mean seasonal and annual RH series: (a) at 09:00 GMT, 1838-2008; (b) at 21:00 GMT,

1844-1964. The large panels show the power plotted against period (vertical axis) and epoch (horizontal axis). The right-hand panels show

the power, integrated over all epochs. The dotted line shows the 95% confidence level (Torrence and Compo, 1998, for details). This figure is
available in colour online at wileyonlinelibrary.com/journal/joc

In Figure 5, we show the two dimensional plots of
wavelet power against period and time for the morning
and evening RH series. The wavelet plots for three of the
four seasons, namely winter, spring and summer, show
a similar pattern with two periodicities present in both
morning and evening series; the first ranging from 23 to
26 years, and the second from 36 to 51 years. In autumn,
only the shorter period is present. For both morning and
evening series, but particularly the evening, the second
peak occurs in the hatched area of Figure 5 where the sig-
nificance is reduced due to the finite length of the series.
This limits our confidence in the validity of the longer
period. The right-hand panels show the power integrated
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over time (equivalent to the power spectrum from the
Fourier Transform) with dotted lines to indicate the 95%
confidence level. Here again, both periods are clearly evi-
dent. Owing to their presence in the hatched area in most
of the evening plots and parts of the morning plots, the
longer periods have reduced significance; however, their
persistence over 3—4 cycles in some cases (e.g. spring
and annual, morning and evening, summer, evening)
would again suggest that they are real. The significance
levels employed here are based on a comparison with ran-
dom series with white and red noise spectra using Monte
Carlo methods (Torrence and Compo, 1998). Our data
have not been smoothed to enhance significance levels.
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Table IV. Periodicities and peak power of seasonal and annual
RH series from wavelet analysis with a significance greater than

95%.
Season AM PM
Period (yrs) Power Period (yrs) Power

Winter 23.4 15.4 23.4 18.5
51.0 13.1 51.0 11.2
Spring 25.5 26.0 24.5 26.5
46.8 27.5 46.8 58.5
Summer 234 24.9 16.5 12.6
36.0 38.4 24.5 13.0
51.0 28.6
Autumn 24.5 17.1 25.5 15.9
Annual 234 18.2 24.5 16.5
49.0 22.8

In Table IV, we list the periods that lie above the
dotted line in Figure 5 together with the power extracted
by the wavelet analysis. The shorter period with an
average length of 24.3 years is clearly present in all
seasons for both the morning and evening series. The
second period, which ranges from 36 to 51 years and
averages 46 years, is also present in the winter, spring
and summer series, but not autumn, and again for both
the morning and evening series. In several seasons, the
longer period is close to double the shorter period. This
could suggest that the longer period is an artefact and that
the only true periodicity is the shorter one. However,
a brief examination of the annual morning series in
Figure 4(a), and the clearly defined peaks there at the
longer intervals, suggests that the longer period has some
degree of independent reality, other than a simple alias of
the shorter period. This is confirmed in Table IV where
the longer period is seen to have significantly higher
power than the shorter period for the spring and summer,
morning and evening, series.

Periodicities such as these have been noted in mete-
orological data before (Tabony, 1979; Burroughs, 1992)
though they are seldom as clearly seen as those here.
We have previously found (Butler ef al., 1998; 2005a;
2007) periodicities close to 7—8, 20-23 and 30 years in
rainfall, sunshine, air temperature and soil temperatures
from Armagh. Wilson (1998) also found evidence for
a 22-year periodicity in the Armagh temperature series.
The 7-8-year periodicity is believed to derive from the
North Atlantic Oscillation (NAO), which contains power
at a similar frequency (McHugh and Rogers, 2001; Butler
et al., 2007). However, for humidity, we find no signifi-
cant correlation with the annual NAO Index in any season
and only a weak correlation between the NAO Index and
RH (R = 0.18, prob. of occurrence by chance ~5%) for
the winter months (D,J,F), the season for which such
correlations are usually strongest.

There is evidence from other studies for a 22-year peri-
odicity in meteorological data. For example, Tsiropoula
(2003) found a similar periodicity in the occurrence of
storms and droughts, and Newell ef al. (1989) in marine
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Figure 6. Mean RH at Armagh, in 30° wide bands of azimuth, for the
period 1900-2000 AD, plotted against the wind direction. Note the
relatively high RH for southwesterlies and the low RH for northerlies.

temperatures. Multi-decadal variability in sea-surface
temperatures in the North Atlantic region has been
reviewed by Trenberth ef al. (2007) and Randall et al.
(2007), and references therein. Though the data series
are usually too short for robust conclusions to be drawn,
periodicities in the range 50—100 years, and amplitudes
0.4°C are indicated.

6. Possible causes of the humidity cycles

In the first instance, we explore the possibility that the
humidity cycles derive from long time-scale changes in
the atmospheric circulation over Ireland. We make a
preliminary examination of some of the wind data for this
site but must leave a full study until a later time. There is
an enormous quantity of hourly wind speed and direction
data from Armagh Observatory which derives from the
Cup Anemometer developed there by Thomas Romney
Robinson in the 1840s. This series, which lasts for well
over a hundred years, has never been analysed and to do
so is well beyond present resources. However, daily wind
direction and force at 9 a.m. has been compiled for the
period 1900-2000. Using this more restricted dataset,
we explore the dependence of RH on wind direction
(Figure 6). We note that the mean RH drops from ~86%,
for southwesterly winds between 180 and 230° azimuth,
to ~82% for northerly winds between 300 and 30°
azimuth. This would lead one to suspect that the cyclic
change in humidity seen above could derive from long-
term changes in circulation. To investigate this further,
we correlate the mean annual RH with the number of
days per annum with winds in these directions. We find
a very weak correlation with the number of days with
southerly winds (R = 0.14) but a stronger correlation
with the number of days with northerly winds (R =
—0.38; probability of occurrence by chance <0.1%). Dry
northerlies are a feature of the Irish climate in late January
to June due partly to the influence of continental high-
pressure systems at this time of year (Rohan, 1986). It is
also a period of relatively low sea-surface temperatures
and reduced evaporation rates in the North Atlantic.
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The above study confirms that multi-decadal variations
in atmospheric circulation are likely to be a contributory
factor in the cyclic variability of RH at this site. The
underlying cause of the circulation changes, however,
remains uncertain.

A number of mechanisms which derive from natural
oscillations in the atmosphere and large ocean basins of
the Pacific and Atlantic have been proposed by Marshall
et al. (2001), Delworth and Mann (2000) and Gallego
and Cessi (2000) to explain the cyclic behaviour seen in
meteorological parameters. These include variations in
sea-surface temperature, ocean currents and atmospheric
circulation patterns.

In a paper by Delworth et al. (1993) it was shown that
coupled ocean/atmosphere models of the North Atlantic
can exhibit irregular oscillations with multi-decadal peri-
ods of approximately 50 years duration. These oscilla-
tions originate in density anomalies in the sinking region
of the thermohaline circulation, between 52 and 72°N,
and bear some resemblance to those seen in our RH
series. With the prevailing westerlies, passing over these
regions and crossing the Atlantic, it is feasible that such
oscillations could affect relative humidity over Ireland.

Both the Pacific and Atlantic Oceans have preferred
natural multi-decadal oscillations (e.g. the PDO and
AMO, see Trenberth et al., 2007) that depend on the
geometry of the oceans and influence the atmospheric
temperature, pressure and circulation patterns as well as
subsurface ocean currents. Taking these models further,
to the global scale, it has been suggested by Gallego
and Cessi (2001) that more extensive oscillations may
develop which involve interaction between the Pacific
and Atlantic, via the connecting atmosphere, with a
characteristic period of ~38 years, close to the longer
of the two periodicities seen in our RH data.

The shorter of the two periodicities, which varies from
23 to 26 years in the wavelets, is similar in length
to the solar magnetic cycle (~22 years). Though many
studies have suggested links between the sunspot 11-year
cycle and climate variables (e.g. Currie, 1993; Wilson,
1998), relatively few have reported a correspondence
with the Hale 22-year magnetic cycle. Several studies
(e.g. by Svensmark and Friis-Christensen, 1997; Pallé
and Butler, 2000, 2004; Marsh and Svensmark, 2000,
2003) have pointed to correlations between global cloud
cover and the flux of cosmic rays which are known
to be strongly modulated by the Sun’s magnetic field.
Physical models of how cloud cover could be influenced
by cosmic rays via ionisation in the atmosphere, (though
as yet unproven), have been presented by Tinsley and Yu
(2004). Should the link between cloud cover and cosmic
rays be confirmed, we may expect to find solar-like cycles
in other meteorological variables linked to water vapour
and clouds.

7. Conclusions

We have presented a series of calibrated RH measure-
ments from Armagh Observatory in Northern Ireland.
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This series, which is believed to be the longest published
so far, should, due to the rural nature of the station and its
proximity to the Atlantic Ocean, be of particular interest
to climatologists.

The wet-bulb and dry-bulb temperature readings, on
which the series are based, have been carefully vetted
for errors and inconsistencies and corrections have been
made for all known sources of inhomogeneity, including
the time of observation. The morning series extends for
the full period 1838-2008, whereas, the evening series
stops in 1965. For this maritime climate station, approx-
imately 99% of the daily RH values lie in the range
60—100%. An unexplained, apparent, discontinuity in the
seasonal and annual mean RH in the evening around
1900, limits the usefulness of this shorter dataset. How-
ever, there is no apparent discontinuity in the morning
series which we believe to be robust to instrumental and
calibration errors.

We find the mean annual RH at 09:00 GMT to
have only a small and barely significant long-term trend
since 1885. This result is consistent with one of the
common assumptions made in climate models (Randall
et al., 2007); namely that RH has been held constant by
the hydrological cycle, whilst tropospheric temperatures
have risen over the past century. Recent work on global
specific humidity (Willett et al., 2007) has indicated that
the amount of water vapour contained in the atmosphere
has increased in parallel with temperatures in recent
decades. If RH has remained constant in Northern Ireland
since the late 19th century, as our results suggest, whilst
temperatures have risen, a similar increase in Specific
Humidity would be expected here too. Future work on
specific humidity from the Armagh wet-bulb and dry-bulb
readings is planned to investigate these suggestions.

There are strong periodicities present in the Armagh
seasonal mean RH, which are clearly evident in the
annual time series and are confirmed by wavelet analysis.
The shortest period ~24 years is close to periodicities
found previously in air temperature, rainfall, hours of
bright sunshine, and soil temperatures at Armagh. The
longer period of 36-51 years, which is present in all
seasons, except autumn, and in both the evening and
morning RH series, has not been found in other mete-
orological data for this site. In the annual series, this
periodicity looks non-sinusoidal, with rather a steep rise
to a higher level, which lasts for around 7 years, followed
by a decline to a level about 3% lower which lasts for
30-40 years.

Two 19th century peaks in RH, seen most clearly in
the mean annual morning series, coincide with serious
infestations of potato blight in Ireland. The earlier peak
in 1846 was most likely a contributory cause of the
Great Irish Famine. We note that, as the most recent
sustained increase in RH began in 1964 and the mean
period between the three previous increases in RH is
42 years, a similar excursion to higher RH levels, which
could last for approximately 7 years, may be imminent.

Whilst we cannot draw firm conclusions from the data
for just one site, it seems likely that the immediate
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explanation for these cycles may be found in long-term
atmospheric circulation changes over Ireland. Beyond
this, we have speculated whether the underlying causes
of such changes may lie in the thermohaline circulation
of the North Atlantic or an interaction between the
Atlantic and Pacific Oceans. Any conclusions must be
highly speculative at this stage and they are included
here in the hope that they might spur further work on
historical humidity series which, currently, are a rather
understudied aspect of climate change.
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