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Abstract. HadISDH is a near-global land surface specific hu- (0.075 to 0.097)gkg' per decade and 0.133 (0.119 to
midity monitoring product providing monthly means from 0.148)gkg?! per decade, respectively. These changes are
1973 onwards over large-scale grids. Presented herein toutside the uncertainty range for the large-scale average
2012, annual updates are anticipated. HadlSDH is an upwhich is dominated by the spatial coverage component; sta-
date to the land component of HadCRUH, utilising the globaltion and grid-box sampling uncertainty is essentially negligi-
high-resolution land surface station product HadISD as a bable on large scales. A very small moistening (0.04£8 005
sis. HadISD, in turn, uses an updated version of NOAA’s In-to 0.031) g kg per decade) is found in the Southern Hemi-
tegrated Surface Database. Intensive automated quality corsphere, but it is not significantly different from zero and
trol has been undertaken at the individual observation leveluncertainty is large. When globally averaged, 1998 is the
as part of HadISD processing. The data have been submoistest year since monitoring began in 1973, closely fol-
sequently run through the pairwise homogenisation algo{owed by 2010, two strong EI Rb years. The period in be-
rithm developed for NCDC's US Historical Climatology Net- tween is relatively flat, concurring with previous findings of
work monthly temperature product. For the first time, uncer-decreasing relative humidity over land.
tainty estimates are provided at the grid-box spatial scale and
monthly timescale.

HadISDH is in good agreement with existing land sur-
face humidity products in periods of overlap, and with both 1 Introduction
land air and sea surface temperature estimates. Widespread o ) ) )
moistening is shown over the 1973—2012 period. The largesBPecific humidity at the surface is, on a physical basis, ex-
moistening signals are over the tropics with drying over bected to increase commensurate with rising surface tem-
the subtropics, supporting other evidence of an intensiPeratures, where the presence of liquid water is not a lim-
fied hydrological cycle over recent years. Moistening is de-iting factor (Held and Soden, 2000). This has been observed
tectable with high (95 %) confidence over large-scale averOver recent decades (Dai, 2006; Willett et al., 2008; Berry
ages for the globe, Northern Hemisphere and tropics, with@nd Kent, 2011) with specific humidity increases in excess

trends of 0.089 (0.080 to 0.098) gk per decade, 0.086 Of 7% per kelvin (as expected from the Clausius—Clapeyron
relation) for some regions over 1973-1999 (Willett et al.,
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2010). Surface water vapour drives a positive feedback efand with capacity for operational annual updates, is required
fect, supplying the upper atmosphere with additional waterfor near-real-time monitoring activities. Here we describe the
vapour through vertical mixing processes. Here, it acts asreation of the land surface specific humidity component of
a greenhouse gas, modifying the radiation budget and augan envisaged next generation HadCRUH product: HadISDH
menting climate change. Water vapour is also an importan{Met Office Hadley Centre (in collaboration with the Na-
component of the Earth’s atmosphere for a number of adtional Oceanic and Atmospheric Administration’s (NOAA)
ditional reasons beyond determining climate sensitivity. TheNational Climate Data Center (NCDC), the National Phys-
amount of water vapour in the atmosphere, quantified here agal Laboratory and the Climatic Research Unit) Integrated
specific humidity, is a crucial element within the hydrologi- Surface Database (ISD) humidity product). This builds upon
cal cycle: it governs heavy rainfall amounts where a largethe new hourly land surface dataset HadISD (Dunn et al.,
fraction of the water is often rained out (Trenberth, 1999).2012), which is a quality-controlled database of global syn-
A number of variables are now showing what appears to beoptic data since 1973. HadlSDH will be the first operational
an intensified hydrological cycle (e.g. precipitation — Zhou etin situ land surface specific humidity product, and also the
al., 2011; ocean salinity — Durack et al., 2012; evaporation -first to provide an estimate of uncertainties in the data. This
Brutsaert and Parlange, 1998), which is consistent with largeproduct is designed for assessing year-to-year changes over
scale increasing water vapour concentration. Through latenfarge scales. While the data are intended primarily for scien-
heat, water vapour stores and releases energy, which can théific research, they are freely available to all.

be transported around the globe. Increasing water vapour also Section two describes the source data and processing. Sec-
has implications for regulation of thermal comfort, increas- tion three describes the building process including the per-
ing the risk of heat stress or heat related health problems itinent aspects of the HadlSD quality control suite and the
humans (Taylor, 2006) and impacting milk yields in cattle applied homogenisation procedure. Section 4 describes the
(e.g. Segnalini et al., 2011; Vujanac et al., 2012), amongstdevelopment of the uncertainty model for both the station
other physiological impacts on ecosystems more generally. data and the gridded product. Methods for exploring these

Since early in the 21st century however, humidity in- uncertainties in following analyses are also documented. An
creases over land have abated somewhat as global land teranalysis of recent changes is given in Sect. 5 followed by
peratures have continued to rise. This has been observed aglze logistics for using the product in Sect. 6. Conclusions are
decrease in the relative humidity and a plateauing in the spedrawn in Sect. 7.
cific humidity (Simmons et al., 2010; Willett et al., 2012). @ HadCRUH also included relative humidity. We intend to
Simmons et al. suggest a link to the observed greater warminclude relative humidity and other related variables into
ing over the land than over the oceans in recent years. PoHadISDH at a later date. This will involve the development
tential mechanisms for such warming asymmetry have beewf measurement uncertainty estimates specific to each vari-
discussed in the literature (e.g. Brutsaert and Parlange, 199&ble and ensuring consistency across all variables after ap-
Joshi et al., 2008; Rowell and Jones, 2006). Much of theplication of homogenisation procedures. Given that both of
moisture over the land comes from evaporation over thethese are novel ventures, it was felt that they could be dealt
oceans, so if the air over the ocean surface warms morevith more thoroughly in a separate paper.
slowly than that of the land, then the saturated vapour pres-
sure (water-holding capacity) will also increase more slowly
over the ocean. Therefore, evaporation over the oceans is ur? Data source and processing
likely to increase at a rate high enough to sustain constant rel-
ative humidity (and hence proportionally increasing specificHadlSDH uses the global high-resolution, quality-controlled
humidity) over the warmer land mass. Large-scale changetand surface database HadlSD as its source. HadISD was
in the atmospheric circulation may also play a part, and re-designed for studying extreme events and provides hourly
duced moisture availability over land may lead to increasedo six-hourly temperatureT(), dew point temperaturefy),
partitioning of incoming energy into sensible heating as op-sea level pressure (SLP) and wind speed for 6103 stations.
posed to evaporation (latent heating). This further escalate$o date, HadISD has not been homogenised. Therefore, care
the warming over land and may diminish specific humidity must be taken when looking at any long-term changes. It is
increases. Whatever the drivers or processes, the crucial iglescribed fully in Dunn et al. (2012). Elements of this pro-
sue is how well we can characterise the true changes in sueessing relevant to the creation of a specific humidity dataset
face humidity. Without a robust estimate of the observed be-will be discussed here in Sect. 3.1. We apply additional pro-
haviour, the potential for false conclusions or inferences iscessing to make HadISDH suitable for assessing long-term
substantial. trends over large scales (Sect. 3.2).

Previously, HadCRUH, a quality-controlled and ho- The station data for HadISDH are essentially the same
mogenised global surface humidity product, has been widelyas for HadCRUH: the NOAA National Climate Data Cen-
used to look at these changes. However, it was last updatetdr's Integrated Surface Database (ISD) (Smith et al., 2011).
in 2007 and an improved version, extending spatial coverag&his is available online fromhttp://www.ncdc.noaa.gov/
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oa/climate/isd/index.phpFor HadISDH, 3456 stations are
found that have sufficient length of data after passing through
the quality control and homogenisation procedures (there are
51 additional stations that are sufficiently long but not in-
cluded due to homogenisation issues — Sect. 3.2). In order tc
be able to calculate a reliable climatology, each station must
have at least 15 yr of data within the 1976—-2005 climatology . .
period for each month of the year, where each month must TN T
contain at least 15 days. To prevent biasing towards night 00 HadcRU scacions inciuded: 5e65 (315 composites)
or day, or biases arising from systemically changing obser-,,,

vation times aliasing into the record, there must be at least
four observations per day, with at least one in each eight
hour tercile (00:00-08:00, 08:00-16:00, 16:00-24:00 UTC)
of the day. HadISDH includes 1091 stations that were not
in the specific humidity land component of HadCRUH. Fur-
thermore, a total of 449 stations are the result of compositing
multiple stations where they appeared to be the same station

@ HadCRUH stations not included: 878

For example, certain countries changed their WMO iden- Removed HadISDH stations: 51

tifier code leading to changes in station reporting ID over )sooog T T T
the Global Telecommunication System (GTS), which is the
basis for ISD. Without such compositing many Canadian,
Scandinavian and Eastern European stations would be trun’.
cated or treated as two stations artificially. Unfortunately, the =
compositing does not manage to resolve the WMO identifier . R
change over eastern Germany. Compositing was done dur 1975 1980 1985 1990 1995 2000 2005 2010

YEAR

ing the HadISD processing and is fully documented therein @ . HEMISPERE ® TROPICS S. HEMISPHERE

(Dunn et al., 2012). _ . )
HadISDH improves coverage over North America, Where,F'g' 1. Station coverage comparison between HadCRUH and
HadISDH. (a) Station coverage in HadISDH. Stations in red/pink

for HadCRUH, many records were short and fragmented al- \ : . ) :
though they actually referred to the same station. ISD haSWere also in HadCRUH. Stations in blue/turquoise are new. Pink

b . dinthi dsi h . fHad and turquoise stations are stations that are composites of more
een improved in this regard since the creation of Ha CRUchan one original source statioifp) Stations from HadCRUH

and the compositing process has helped further. Central Eunat are no longer in HadISDH (dark green), and HadISDH sta-
rope and islands in the Pacific are also areas of better covefipons with subzero specific humidity issues after homogenisa-

age than HadCRUH. However, 878 stations from HadCRUHtion that are not included in any further analyses (light green).
are no longer in HadISDH. In particular there are now very (c) Station coverage by month for HadISDH, coloured by re-
few data for Madagascar, the Arabian Peninsula, Westergion (Northern Hemisphere = 20-9C° N, tropics =20 S-2C N,
Australia and Indonesia. This is mostly because of the lackSouthern Hemisphere =26-90' S). The tail-off from 2006 on-
of up-to-date data from those stations reaching the ISD datawards is likely due to ongoing improvements to the ISD historical
bank through the GTS. This results in station records pe-archive. Station coverage should improve over this period with fu-
ing too short to meet the criteria set out above. HopefuIIyture updates of HadISDH.

this situation will be improved in future annual updates of

HadISDH. In some cases, these stations will have failed to

pass the new quality control and homogenisation routineshould note that retrospective changes are made to ISD pe-
with sufficient data. In a few cases, the compositing pro-riodically with the addition of new data or removal of old
cess may have resulted in a HadCRUH station having a dif-data to and from existing stations. Furthermore, new stations
ferent identifying number (WMO identifier) in HadlISDH. will be added to HadISD, and therefore HadlSDH, as they
Station coverage, including composites, is shown in Fig. 1abecome available. This will be clearly documented.

and b, and a full list is available alongside the data product The quality controlled (see Sect. 3.1) Hadl$Pare con-
atwww.metoffice.gov.uk/hadobs/hadisdboverage remains verted to specific humidityg) using the same equations as
relatively constant over time over both hemispheres and théor HadCRUH (Table 1: Egs. 1 to 5). Firsty are converted
tropics (Fig. 1c). There is a slight tail-off from 2006 onwards to vapour pressuref using Eq. (1). The wet bulb tempera-
for the Northern Hemisphere stations. In part this is due totures () are then calculated using Eq. (5). Whékg val-
ongoing updates for known issues with these data, so it is exues are below zero, values ©fre recalculated with respect
pected that 2006+ coverage will improve in the near futureto ice (Eq. 2). This assumes that the wet bulb was indeed
(Neal Lott, personal communication, February 2013). Usersan ice bulb at that time and that the measurement was taken

stations

o
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Table 1.Equations (1) to (5) used to derive humidity variables from dry bulb temperature and dew point temperature.

Variable Equation Source Notes
Vapour pressure e =61121- fiy - EXP(((18.729— (Ty/227.3)) - Ty)/  Buck (1981) (1), substitut®
calculated with (25B7+ Ty)) for T4 to give
respect to watere( saturated vapour
(whenTy > 0°C) fu=1+7x10"%+(3.46x 1076. p) pressureds)
Vapour pressure e =61115 f; - EXP(((23.036— (Ty4/3337)) - Tg)/  Buck (1981) (2), as above
calculated with (27B2+ Ty)) for es

respect to icedice)

(whenTy < 0°C) fu=1+3x10"%+(4.18x10°6. p)

Specific g = 100Q0(0.622-¢)/(P — ((1—0.622) - ¢))) Peixoto and Oort (1996) (3)

humidity (g)

Relative RH=(e/es) - 100 - 4

humidity (RH)

Wet bulb Tw={a-T)+ (bTy)/(a+Db) Jensen et al. (1990) (5)
temperaturefy)

a=66x10"°.P
b = (4098 ¢)/(Tq+ 237.3)2

with a wet bulb thermometer as opposed to a resistance or calata. For each station the closest grid box is converted to

pacitance sensor. This assumption will be incorrect in someclimatological monthly mean station level pressufad),

cases, especially in the later record where more automatedsing station elevation/ in metres) and station climatolog-

sensors are in use. This potentially introduces a dry bias irical monthly mean temperaturg (in kelvin), by an equa-

q where resistance or capacitance sensors are used when ttien based on the Smithsonian Meteorological Tables (List,

ambient temperature is near or beloR@because calcu-  1963):

lated with respect to ice is lower than that with respect to 5625

water at the same temperature (NPL/IMC, 1996). Given the}D _p ’ ©)

increasing propensity in the record for such measurements, ™" msi\ 7 + 0.00657 '

unless the effects are detected and accounted for in the ho- ] . ]

mogenisation, this would tend to yield a spurious drying sig-USing @ non-varying station pressure introduces small er-

nal in locations and seasons where sub-freezing temperaturd8rs at the hourly level. These will be largest for high ele-

are frequent. However, absolute values of specific humidityvat'on stations. F_or stations at 2000 m and temperature dif-

are small under such conditions, so absolute errors will beferences (from climatology) a£20°C, an error ing of up

small even if they are large in percentage terms. They willl0 2.3 % could be introduced. However, the majority of sta-

not affect records in seasons with temperatures above free2lOns are below 1000 m, where potential error 20°C re-

ing. Without metadata for all 3456 stations, it is impossible to duces to~19% and then 0.5% for 500 m. We assume that

correct for this and so it remains an uncertainty in the dataduring a month the station pressure will vary above and be-

but it should bear little influence on the large-scale assess!OW the estimatednstand so essentially cancel out. Using a

ments for which this product is intended. FreqrEq. (3)is ~ NON-varying station pressure (year-to-year) ensures that any

used to calculate. trends ing originate entirely from the humidity component
A climatological monthly mean station pressure compo-2S opposed to changeshintroduced into station pressure

nent is used for calculating. The ideal would be to use indirectly through conversion from mean sea level pressure.

the simultaneous station pressure from HadISD. HoweverHence, for studying long-term trends énanomalies, this

this is not always available, or of suitable quality, and so wemethod is sufficient. However, users ef actual monthly mean

give preference to maximising station coverage with a trade? Should be aware of the small potential errors here.

off of very small potential errors. Climatological monthly

mean sea level pressurByg)) is obtained from the 20th Cen-

tury Reanalysis V2 (20CR, Compo et al., 2011; data pro-

vided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, 3.1  Quality control

USA, http://www.esrl.noaa.gov/psdiThis is available for 2

by 2° grids and has been averaged over the 1976 to 200%ynoptic data contain random and systematic errors which

climatological period to match that used for the humidity must be removed as far as is possible to ensure robust climate

3 Building the data product
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analyses. The random errors can be caused by instrument
error, observer error or transmission error. As part of the
HadISD processing, a suite of quality control tests were de-
signed for use with hourly synoptic data. These tests have
been optimised with the aim of removing random errors
while retaining the “true” extremes. The quality control suite
included tests particular to humidity and also neighbour in-
tercomparisons. It is an automated procedure, necessitated
by the large number of stations and observations. It is fully

documented in Dunn et al. (2012), and the HadISDH input . . i \ \ !
stations are freely available for research purposes as part of . RN .n;f\ssos \ ‘{_ Vo F R
the HadISD dataset atww.metoffice.gov.uk/hadobs/hadisd ¢ 01045 100277 = o 4n g0

>0.1t00.2% :578 \ ! s .
The HadISD quality control (QC) comprises 14 tests — 32005% ;ggggﬁg\@/ﬁh”/ PR
which looked at 6103 stations selected from the ISD databases 23192 55 1 ow  sow o e 180
after compositing. These tests are more sophisticated than® o e
those conducted for HadCRUH as they have been designed
iteratively by validation with stations where specific prob-
lems were known or record values documented, and then fur-
ther tuned to optimise test performance. Like HadCRUH, a
set of three logical checks are included to test for humid-
ity measurement failures. The first tests for supersaturation:
where Ty exceedsT', the Ty observations are removed. If
this occurs for more than 20 % of the observations within a
month, the whole month is removed. The second is for occur-

rences of the wet bulb wick drying out, either through reser- . . \ ) v
voir drying or freezing, which again assumes the majority § %010 (88°°%° 1 = A 0o
of humidity measurements were taken using psychrometers?® 203 15 6.2 Eﬁg\lé\;&/wf‘ﬁm T
This test uses dew point depression: if theresaseconsecu- ¢ Sifg‘é;” gg? v ;OW P — ppo

tive observations spanning 24 h or more where the dew pointe >5% 169

depression is< 0.25°C, Ty is flagged, unless simultaneous
observations of precipitation or fog are present, which may
indicate a true high-humidity event. The leeway of O.€5s
added to account for instrumental error in either Ther Ty
measurement. Finally, a dew point cut-off check is done, fol-

lowing the discovery in Willett et al. (2008) thdy observa-  gpservation density (fewer missing data and higher temporal
tions can be systematically absent wtieexceeds apparent frequency and reporting resolution) within a station, giving
threshold values in hot and cold extremes. Similar behavioukne internal station QC tests greater power, and higher station
has been documented for radiosondes (e.g. McCarthy et algensity, giving the neighbour QC test greater power. Greater
2008). Most quality control tests are variable specific suchgata density will increase the sensitivity to outliers, thus im-
that a flagged value does not lead to removal of observationgroying the signal-to-noise ratio. Unfortunately, this means
for other parameters at the same time step. However, thergyat there is a greater chance of poor data remaining in re-
are a number where flags fdf and 7y are linked. When  gions where station and data density are low. This underlines
checking for overly frequent value$y observations coinci-  the importance of improving both current station coverage
dent with flagged” observations are also flagged, and whereanq historical data rescue and thus support for these efforts
T observations exceed WMO record values for that region,through initiatives (e.g. ACREttp://www.met-acre.orghAl-

the Ty values are also removed. There is also a neighbouygp et al., 2011). FoFy, in total 78.1 % of stations have 1 %
comparison where suspect values can be removed, but alsg hourly data removed and 98.0 % of stations hav&% of
flagged values can be recovered should they agree with Uhourly data removed. FdF, 89.9 % of stations have 1%
flagged neighbouring values. No such comparison was madgf hourly data removed and 99.2 % of stations haV&% of

in HadCRUH. _ o . hourly data removed.
For HadISDH stations data removal is highest in the re-

gions of greatest data density (North America and north-3.2 Homogenisation

western Europe), as shown in Fig. 2. This is similar for both

T andTy but with a higher percentage @j data removed, es- The monthly mean values are likely to contain systematic er-
pecially around the tropics. This is likely an artefact of higher rors due to changes in instruments, station moves, incorrect

Fig. 2. Percentage of hourly observations removed for each
HadISDH station during the HadISD quality control procedure for
(top) temperature and (bottom) dew point temperature.

www.clim-past.net/9/657/2013/ Clim. Past, 9, 658+7, 2013


www.metoffice.gov.uk/hadobs/hadisd
http://www.met-acre.org/

662 K. M. Willett et al.: An updateable land surface specific humidity product for climate monitoring

station merges, changes in observing practices or changes to station contains the true change point. All of the change
local land usage. For this reason, the monthly medata are points are assessed together to determine the date of the
reprocessed to detect and adjust for undocumented change change point. The break count for all the remaining sta-
points. There are now a number of available homogenisation  tions is reduced by one so all then would be treated as
algorithms that have been developed and benchmarked for homogeneous.
temperature and precipitation as part of the COST HOME
project (Venema et al., 2012yww.homogenisation.olg
However, very few are suitable to be run on large global
networks, which require an automated process. The pair-
wise homogenisation algorithm designed for NCDC'’s US
Historical Climatology Network monthly surface tempera-
ture record (Menne and Williams, 2009; Menne et al., 2009),
and later applied to their Global Historical Climatology Net-
work (GHCN) monthly temperature dataset (Lawrimore et
al.,, 2011), has been chosen here. This has been shown to
be one of the more conservative algorithms, giving a very
low rate of change point detection where none are actually
present (false alarm rate) (Venema et al., 2012). Also, the
pairwise method enables attribution of a change point to
a station or stations in a more robust manner than a sim-
ple candidate versus composite reference series approach.
In the candidate—composite reference series approach, net- Overall, the pairwise homogenisation results in an adjust-
work wide changes may be missed or wrongly attributed toment rate of approximately two per station. The adjustments
a single station. Furthermore, the pairwise homogenisatiorapplied to HadISDH are reasonably symmetrical about zero
algorithm has been through a substantive benchmarking aswith a median 0f-0.07 gkg ! and 90 % of the adjustments
sessment for the US temperature network (Williams et al. lying between—0.86 and 0.81 gkg' (Fig. 3a). The histori-
2012). This showed that in all benchmark cases, the pairwiseal spread is also relatively even (Fig. 3b). The first two years
algorithm reduced the errors in the data. Importantly, it didand last two years are artificially free from change points
not over-adjust or make the data any worse. This is the firsbecause it is more difficult to detect change points close to
time that the pairwise algorithm has been used on surfacéhe ends of the record. As all adjustments made are sea-
humidity data or indeed any data outside of station temperasonally invariant and additive rather than proportional, it is
ture records. This is also the first time that a fully automatedhighly likely that adjustments may be biased low in some
(and reproducible) homogenisation process has been applieskasons and biased high in others. This is a particular prob-
to global land surface humidity. lem for very dry months where adjustments to already very
The pairwise algorithm (Menne and Williams, 2009; low specific humidity results in unphysical negative values.
Williams et al., 2012) undertakes a number of sequentialThis occurs in 51 stations (identified in Fig. 1b), although
steps to find and adjust for suspected change points in thenly 13 of these have more than 2% of their data affected.
series: For this version of HadISDH, these stations will not be in-
) ) ] cluded in any further analyses. There may also be issues at
1. For a candidate station a set of neighbours are selecteff,q gatyration end where positive adjustments bring the spe-
based upon geographic proximity and monthly meanisic humidity above the saturation level imposed by the orig-
time series correlation, the latter being the dominantja| ynhomogenised temperature data. However, it is likely
factor. in many cases that any inhomogeneities appearing in spe-

2 The difference series between each station and evEific humidity co-occur in the dry bulb temperature, which
ery neighbour are assessed iteratively using the stanwould ch.ange the satura_tion Ieve_l. This suggests that season-
dard normal homogenisation test (SNHT: Alexanders-2lly varying and proportional adjustments may be a better
son, 1986) to locate undocumented change points. Agpproach for specific humidity, such that the humidity can

this point both the candidate and master are tagged a8€ver 9o below Og kgt Homogenisation of specific humid-
potential breaks. ity is still a relatively new endeavour. Exactly how the dif-

ferent types of inhomogeneity affect the specific humidity
3. The large array of potential change point locations isacross the seasonal cycle, or even in wet versus dry years,
resolved iteratively as shown by the following overly is not well understood. On further investigation (Fig. 4a and
simple illustration. A station might have 20 potential b), there is no obvious relationship between adjustment mag-
change points assigned in close proximity and its 20nitude and climatological mean specific humidity, as shown
neighbours only one each. In this case it is clear that thisby looking at adjustment magnitude by latitude. Adjustment

4. The change point is then assessed to define whether it
is indeed a step change or actually part of a local trend.
Where the magnitude of a change point can be reliably
estimated, and reasonable confidence can be assigned
that it is non-zero based upon the spread of pairwise
adjustment estimates arising from apparently homoge-
neous neighbour segments resulting from step #3, a flat
adjustment is made to the mean of the homogeneous
subperiod, using the most recent period as a reference.
Where the magnitude of the change point cannot be re-
liably estimated, that period of data is removed. The
spread of estimated change point magnitudes across the
network also provides a® estimate of uncertainty for

the applied adjustment. This is fed through to the station
uncertainty (Sect. 3.3).
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L. Actual Adjustments ‘ should differ very little from a seasonally varying and pro-
MEAN: 0.005 g/kg 1 portional adjustment approach over each homogeneous sub-
period. The absolute values, however, especially on grid-box
spatial scales and sub-annual temporal scales, should be used
with caution.

Figure 5a to ¢ show trends in the data before and af-
1 ter homogenisation. There is generally good agreement with
7 87.2 % of grid boxes being of the same sign (drying or moist-
1 ening) in both the raw and homogenised data (Fig. 5a and
8 b). However, it is clear that the raw data show trends of
‘\\\\’N ] a slightly greater magnitude (both wetter and dryer) than
: ] the homogenised data (Fig. 5¢). In terms of the large-scale
average, homogenisation appears to have very little effect
b Changepoint Dates (Elg. 5d—g). The trend for the Northern Hemisphere is very
T T T T T T T T T [T T I T[T T T[T T T T TT T TTTT 7T} slightly smaller after homogenisation, and the trend in the

1 Southern Hemisphere is slightly larger. The largest differ-
ences in the time series occur for the tropics and South-
ern Hemisphere. This is likely an artefact of the low spatial
coverage here compared to the extratropical and midlatitude
Northern Hemisphere, where averaging over many stations
can moderate the effect of changes to a few stations. Fur-
thermore, the tropics include some of the largest magnitude
adjustments. The fact that changes are very small on these
large scales suggests that seasonal analyses on large scales
bl b b (not presented here) may be reasonable despite the lack of
1975 190 1085 1990 1995 2000 2005 2000 seasonally varying homogenisation. However, we urge care
when analysing over smaller regions, individual grid boxes

Fig. 3. Summary of adjustments applied to HadISDH during the and stations, where any remaining inhomogeneity or unde-
pairwise homogenisation proce$s) Shows the actual adjustments sirable effect of applying flat adjustments may be larger. A
in black (stepped). The best-fit Gaussian is shown in grey. Theset of individual stations representing some of the largest
merged Gaussian plUS Ial’ger actual distribution pOintS “pbest fit” iSChanges in trends before and after homogenisation are dis-

shown in dashed red. The difference between the merged “best ﬁt'blayed with respect to the surrounding station network in
and the actual adjustments is shown in dotted blue with the mear,:ig 6atoc

and standard deviation of the difference.
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There will always be change points (both step changes and
local trends) which remain undetected because they are either
too small to detect or too close to other change points. It is
direction is relatively evenly spread across 0 gkgt all lat-  very difficult to estimate the uncertainty remaining in the data
itudes. Should the relationship between adjustment magnidue to missed detections and adjustments without a rigorous
tude and specific humidity be strong, we would expect to sedbenchmarking exercise as has been undertaken for tempera-
the largest adjustments made in the more humid tropics. Irure over the USA (Williams et al., 2012). Benchmarking is
fact, the largest adjustments occur in the extratropics. Staa relatively new concept and so has not yet been attempted
tion coverage is poorer in the tropics (Fig. 1a and b) and sdor humidity, and as such, is beyond the scope of this paper.
the ability to detect inhomogeneities in the first place is de-
creased, like the effectiveness of quality control (Sect. 3.1 ] ) ) - o
and Fig. 2). Indeed, Fig. 4a also shows that it is easier to de#  EStimating an uncertainty model for specific humidity
tect smaller change points in well-sampled regions, as show
in Menne et al. (2009) for the USA. There is little geographi-

cal coherence in adjustment magnitude or direction, as showgy ;- estimate of the monthly mean anomalyiom is given

%1 station uncertainty

by Eig. 4b. ) , . following Brohan et al. (2006), by
Given the complexity of seasonal adjustment magnitude,
we have chosen to start with the simple approach of seasony,,.om= gob — gclim + Gadj. )

ally invariant flat adjustments, where the transforms to the

data are easily traceable, rather than making more compliwhere gqp is the observed monthly meaggim is the cli-
cated assumptions. In terms of detecting long-term trendsnatological monthly mean over the 1976 to 2005 reference
in the anomalies over large spatial scales, this approaciperiod; andg,gj is the adjustment applied to improve the
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Fig. 4. Distribution of adjustments made and their magnitude during the pairwise homogenisation p(arasfustments by latitude;
(b) largest adjustments for each station. Note non-linear colour bars.

long-term homogeneity. In fact, there is an error tegin- The first termuappiiedarises from the adjustments whichve

herent in each of these terms such that the true monthly meabeen applied to the data, and the second tesfgseqarises

anomaly can be described as from the adjustments whichave notbeen applied to the
data, but which should have been.

ganom= gob — qclim + Gadj + €ob + Eclim + €adj - 8) We estimateappiiedfrom the 5th to 95th percentile spread

of all possible adjustment magnitudes given by the network
and so the uncertaintys, in each monthly mean anomaly of pairwise evaluations, as described in Sect. 3.1, adjusting

value needs to be estimated. To determine the significancBy a factor 1.65 to obtain a standard uncertainty (Eover-

of ganom We estimate the uncertainiynomthat captures the ag\(lavfacto.r ok = 1_)‘ h . ising f issed
likely error from each of the error terms in Eq. (8): e estimatamissed the uncertainty arising irom misse

change points, using methods described in Brohan et

_ |2 2 .2 9 al. (2006). We assume that large change points, shown in
anom m’ ®) the tails of the distribution in Fig. 3a (black line), are well

whereugim is the uncertainty in the calculation of the clima- captured because they are easy to detect given the high
tological monthly mean due to missing data (temporal sam.Slgnal-tO-Polse ratio. However, the small adjustmentg, c!ose
pling uncertainty)yagj is the uncertainty in the adjustments {0 0gkg™, are not well captured, as shown by the “missing
applied for homogeneity; andyyp is the measurement un- middle” of the distribution. The central part of the distribu-
certainty of meteorological measurements. We now considefiOn can be approximated by a Gaussian distribution. A best-

Unfortunately, these errors cannot be quantified explicitly,

each of these in turn. fit curve is then derived by merging a fitted Gaussian curve
The standard uncertainty in the climatological monthly (near the centre) with those points of the actual adjustment
mean due to missing data is given by distribution that are larger (in the wings). The standard devi-
ation of the difference between this “best fit” and the actual
Holim = —Sim_ (10)  distribution (blue dotted line) is 0.135gk§ and provides
VNu an estimate ofimissed

whereogim is the standard deviation of té,; months mak- The uncertaintyuop relates to the uncertainty of mea-

ing up the climatological mean of the 30-yr period from 1976 surement of the instrument at the point of observation. The
to 2005. BIPM Guide to the Expression of Uncertainty in Measure-

The standard uncertainty in the applied homogeneity agMment(BIPM, 2008) describes uncertainties as belonging to

justmentsuagj, is estimated as the quadrature sum of two one of two categories. Type A uncertainties are those which
terms: can be estimated from analysis of repeated observations.

Type B uncertainties are those which cannot be estimated by
Uadj =/ ugpp"e at U issed (11)  repeated observations, and so must be estimated from a priori

Clim. Past, 9, 657677, 2013 www.clim-past.net/9/657/2013/



K. M. Willett et al.: An updateable land surface specific humidity product for climate monitoring 665

a) . . ratio
Ratio of Raw to Homogenised

AR

d) *®FHomagenised | GLOBE (70'5-70N)'
0.4FRaw (dotted)

0.2

1.00 2 . MmN T ik
£ 00 V4 \ :
050 02 3
0.4 0.09 g/kg/dec (0.07 to 0.11)-
0.00 88 . 0.09.g/kg/dgzc (0.0.6 to 0..11) 1
)0 t t t . t t
050 oak N. HEMISPHERE (20N-70N)

0.2f E
-1.00 M

-0.0 /\v \4 =
200 7 W /N 3

glkg

[
o
o

=

o
T

1

0.4 0.08 g/kg/dec (0.06 to 0.11)3
48 . , 0.08 g/kg/dec (0.06 to 0.10) 3
f) X t t t t t +——+ t + ;]
b) C)ZSO oab TROPICS (20S-2fN) E
ol 32% 79.7% Homogefised 02f :
1. . ]
200 £ 00 A E
V7 ]
(%} E
05 % 150 0.4F; 0.13 g/kg/dec 50.10 to 0.173—1
: 8 46 . 0.14 g/kg/dec (0.1 to 0.19) ]
o X + + + + + +
5 9) S. HEMISPHERE (70S-20S)
2

o
=)

Raw trends (g/kg/decade)

o
<)
glkg
S o
o N
T

. ;\ = A / . 2\ ]
P AV A ¥ A z
0.4F 0.01 g/kg/dec E-0.0Z to 0.043—:

, -0.03 g/kg/dec (-0.05 to 0.01

1975 1980 1985 1990 1995 2000 2005 2010

aa a

o

-0.5 A Loy
-05 0.0 0.5 1.0 -0.4-0.2 0.0 0.2 0.4 0.6
Homogenised trends (g/kg/decade) Trend (g/kg/decade)

Fig. 5. Difference between trends (1973—-2012) in HadISDH before and after the pairwise homogenisation fap&so of decadal

trends from the raw HadlISDH compared to homogenised HadISDH (trend methodology is described in Fig. 9). Note non-linear colour bars.
(b) Scatter relationship between homogenised and raw decadal trends for HadISDH. The percentage of grid boxes present in each quadrar
is shown.(c) Distribution of grid-box trends for the homogenised and raw dateg) Large-scale area average annual anomaly time series

and trends for homogenised HadlSDH and the raw data relative to the 1976—2005 climatology period.

knowledge of the measurement apparatus and the measuring Psychrometer errors arise either from the use of an incor-
conditions. Type B uncertainties may have randomly vary-rect psychrometer coefficient, or from temperature errors in
ing componentsyrang, and components which cause “sys- measurements of either the wet bulb or dry bulb (MOHMI,
tematic” errorsysys. 1981). In general, these errors are not random or symmetri-
In a meteorological context it is not possible to derive cally distributed, and they may be correlated with other me-
Type A estimates of uncertainty because the measurand teorological variables, such as wind speed. However, we ex-
the weather — is intrinsically variable, and so the variability pect that within any one month, the uncertainty of measure-
due to the instruments themselves cannot be isolated. Sinament for psychrometers will contain some random compo-
Type A uncertainties are likely to be random and uncorre-nent,urang, Whose effect can be reduced by averaging, and a
lated, they should reduce with temporal and spatial averagsystematic componentsys, whose effect will be unaffected
ing to a large extent, and so be attenuated by averaging bothy averaging.
over a month and over a grid box. Since the station meta- We estimatex; with a standard uncertainty of 0.16
data do not reliably record the instrumentation used, we havén the wet bulb depression above©. The resulting stan-
derived estimates of the Type B uncertainty of an individual dard uncertainty in RH varies from 1 %rh to 3 %rh, decreas-
measurement; based on knowledge of hygrometers in use ing with increasingl” and increasing with decreasing RH
in the field. Until the 1980s, psychrometers were probably(NPL/IMC, 1996). Although not ideal, this is done at the
the most common type of hygrometer, but since then theranonthly mean resolution because the homogeneity adjust-
has been a move towards electronic devices (typically capacments have already been applied at the monthly mean level,
itance sensors) and dewcels which can be more readily autand so it is not possible to go back to the hourly values at this
mated. Typically, electronic devices have a lower uncertaintystage. The concomitant uncertaintyiis estimated from the
than psychrometers, and so we can conservatively estimatencertainty in RH by calculating the change in vapour pres-
uj (Table 2) assuming that all humidity measurements weresuree (Eq. 3), caused by changesb1 standard uncertainty
taken using aspirated psychrometers. in %rh. Combining this with an estimate of the saturation
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Fig. 6. Results for three stations as examples of some of the largest changes of the pairwise homogenisation algorithm. Red lines represent th
original station time series. Blue lines represent the adjusted time series. Black lines show the original time series for all stations within the
designated networKa) Sur, Oman, WMO ID: 412680, 22.538l, 59.467 E, 14.0 m(b) Atar, Mauritania, WMO ID: 614210, 20.517MN,

13.0670 W, 224.0 m(c) Sao Luiz, Brazil, WMO ID: 822810, 2.6008, 44.2330W, 53.0 m.

Table 2. Estimates of standard uncertainty in humidity measurements calculated in terms of equivalent psychrometer uncertainty to represent
a “worst case scenario”. At lower temperatures the measurement uncertainty becomes large, but the low absolute specific humidity values
make only a small contribution to global estimates of specific humidity. Calculations of specific humidity used Egs. (1) to (5).

Uncertainty in %rh
Dry bulb given by a0.18C  Specific humidity

temperature uncertainty in (gkg) at

(°C)  wet bulb depression saturationuj (9kg™1)  urand(9kg1)

—50 and 15 0.02 0.003 0.001
below

—-40 15 0.08 0.012 0.002
-30 15 0.23 0.035 0.005
-20 10 0.64 0.064 0.008
-10 5 1.60 0.080 0.010
0 2.75 3.78 0.104 0.013
10 1.8 7.60 0.137 0.018
20 1.35 14.54 0.196 0.025
30 1.1 26.60 0.293 0.038
40 0.95 46.82 0.445 0.057
50+ 0.8 79.85 0.639 0.082

vapour pressure calculated from simultaneous monthly meawalue is already close to 100 %rh, the addition of uncertainty
T (Egs. 1 and 2), under the necessary (and in many cases iR RH can then result in estimates100 %rh. Although it
correct) assumption that tifedata are homogeneous, the re- is physically possible for RH to exceed 100 %rh, it is not
sulting change iy can be estimated. The reading uncertain- common, nor reliably measured in operational circumstances
ties of the wet bulb and dry bulb temperatures are unlikely to(Makkonen and Laakso, 2005). Thirdly, errors will also be
be biased, and so we assume that the resulting uncertainty iatroduced because the simultaneous monthly neatata
randomly distributed. We thus estimate the random compohave not been homogenised. This is due to the issue of main-

nent of the uncertainty in the monthly mean as taining physical continuity when homogenising across si-
u; multaneously observed variables which will be addressed
Urand = W- (12) in future work. False wet bulb depressions may occur at

100 %rh, but the low-resolution conversion between humid-

In order to pass ISD quality control, there must be atleast 13y yariables makes accurate detection of such cases impos-
days of data for a monthly mean and at least four observagjp|e. However, limiting the new RH (%rh + derived uncer-

tions per day, implyingVo > 60. Hence, we conservatively ainty in 9rh) to 100 %rh can imply an unrealistically small
useNo = 60 in our calculation ofirand o variability. To counter this, we have set a minimum thresh-
There are a number of weaknesses in this approachyq for 4,4 of two standard deviations below the mean by

Firstly, these non-linear conversions (Egs. 1 t0 5) are iM-gyamining theirang estimates for each month for the station.
perfect for monthly mean data. Secondly, when the monthly

Clim. Past, 9, 657677, 2013 www.clim-past.net/9/657/2013/



K. M. Willett et al.: An updateable land surface specific humidity product for climate monitoring 667

All values below this threshold are assumed to be unrealisti- , _ 48665099999 Monthly Anomalies (homogenised)
cally low and are substituted with the mean valuagfqfor ;
that station.

Despite the difficulties in estimatingang, one clear fea- ) ) ) ) ) ) ) )
ture emerges (Table 2). Although the fractional uncertainties TR onthly Adjustments P
are largest at low temperatures, the absolute values of specific oof— A ' '

glkg

1
1
2

humidity are low in this range — saturation vapour pressure £ °*
-0.2E

varies by a factor 20 from @C to 50°C — and so contribu-

-03E

tainties arise from the limitations of the calibration, and the ¢ o0e

shortcomings of psychrometers. We have not included an ex-" °%E

plicit assessment ofsysbecause we consider that their effect b

on our estimate ofianom s likely to be small. The origin of 030 ponthly Climatology Uncertainty

this insensitivity can be seen by considering the case in which _ o3

a change point is identified as occurring in the record from a = o3

particular station, and also the case in which no change points 65 S S S S S i

are identified. For example, where instruments or observing Manthly Station Uncertainty

practices change or stations mowgys will change, and so R 853

we expect that some fraction atys should be found dur- 503

ing homogenisation and so should be partially accounted for §3

in terms ofu,q;. Additionally, when a change point is found

by comparison with neighbouring stations, the algorithm ad-Fig. 7. The components of station uncertainty estimates for station

justs the target station’s older data to match its newer data 0486650 (Malacca, Malaysia, 2.26/, 102.250 E, 9.0 m). All un-

the assumption that more modern measurements are likelgertainties represent2(approximately 95 % confidence intervals).

to have lower uncertainty. Where instruments or observing

practices daot change, then we can assume thafs will

be substantially unchanged. So we expect that a substantigleriod. This is the first attempt at quantifying uncertainty in

fraction of usys will be common toganom and gciim. Thus,  specific humidity and is a basis which will benefit from fu-

when calculatinganomWwe can expect this fraction of the un- ture improvements in the model design and application as a

certainty to cancel (Eq. 8). However, we note that care musgreater understanding of this issue accrues.

be taken if the final gridded data are used to estiraht®o-

lute values of specific humidity. For such cases, the full value4.2  Gridding methodology and sampling uncertainty

of usys should be evaluated to fully capture the uncertainty.

The uncertainty estimates provided alongside HadISDH willHadISDH is intended for the purpose of studying change on

therefore be underestimates with respect toatheoluteval- large temporal and spatial scales, so gridding is essential. It

ues. reduces the effect of individual outliers and remaining ran-
The uncertainties are calculated as standard uncertaintiedom errors in the data. Given that station density is rather

(10), and then a coverage factbe= 2 is applied such that sparse over large parts of the globe, there is little value in

there is~ 95 % confidence (2) that these uncertainties cap- gridding at finer than Sby 5° resolution. For the station-

ture the true error. As an example, the individual uncertaintyrich regions, specific high-resolution grids could be produced

components and the combined station uncertainty are showhut will not be presented here. Using By 5° grids also al-

in Fig. 7 for station 486650 (Malacca, Malaysia, 2.268lf lows comparison with other products such as HadCRUH and

102.250 E, 9.0m). Climatological uncertainty is constant CRUTEMA4.

year to year, but has an annual cycle and is greatest during the Grid-box estimates (for all quantities) use only stations

season of greatest natural variabilitydgnMeasurement un-  within the grid box, all weighted equally: there is no in-

certainty (not includingesys) is usually the smallest compo- terpolation of information from surrounding grid boxes or

nent. It changes throughout but has a clear annual cycle duaccounting for any elevation sampling bias (Brohan et al.,

to the temperature dependence. The adjustment uncertain8006; Jones et al., 2012). Both the absolute values and the

is usually the largest component, reducing towards 0gkg anomalies relative to the 1976-2005 reference period are

because the most recent period is treated as the referencgidded in addition to the monthly climatologies calculated

tions to the uncertainty in the specific humidity of a station O T S L
will be dominated by the uncertainty during periods of high  2F— ' ' ' ' ' ' T
temperature and high relative humidity. 2os —1——1“_———, i
In addition to randomly varying componenis, the uncer- ’ o i
tainty of measurement of each station, will also have contri- “*~%% %% 19;\3lsonthly m Umené;{ggy 00510
butions which do not reduce on averagingys. Such uncer- 010 o T " "

1

;
i

L L L L L L L L
1975 1980 1985 1990 1995 2000 2005 2010
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over the reference period. The standard deviation of all con-a Station Uncertainty June 1980
tributing stations is also given for each grid-box month, pro- "*P 1 e ST A
viding an estimate of grid-box variability. Where only one -

’

1.10

1.00

station contributes, an arbitrarily large standard deviation of 57" or /i N e A e o7 .

100 is given so that these can be easily identified. Stationt----+---- ’ \ S | R

numbers for each grid-box month are also recorded. \:r\ _ l! 0.30
Station uncertainty estimates, as defined in Section 3.3, are *«_ . gl 010

also brought through to the grid-box level by assuming in- NN st ot iy oot

dependence of, and combining in quadrature, all constituent
station uncertainties and then multiplying by,ANs), b)
where Ns is the number of stations in the grid box at that
time. Figure 8a shows an example field of gridded station .
uncertainty for June 1980 in gkd. Station uncertainty is ," y | < . \
largest around the tropics, whereas for the CRUTEM3 tem- -~~~ """~ R o 0%
perature product in Brohan et al. (2006) it is largest at the %
poles. The largest component is by far the adjustment un-
certainty, until the most recent years of the record where it
tends towards zero as a result of choosing the most recent
period as the reference period. The measurement uncertaint;?’
is comparable to the climatological uncertainty when aver-
aged over the grid-box scale. All are generally largest in the

1.10
1.00
0.70

6/6

0.30
0.10
0.01

20.0

, . 15.0
,

- i L \ 10.0

5.0

tainties are also gridded individually. '\.
Given that there are relatively small numbers of stations -
within each grid box, the grid-box value is unlikely to be the
true grid-box average. Some estimate of the sampling uncer-
tainty is necessary. Following Brohan et al. (2006), the sam-_ , L ,
pling uncertainty is estimated using the method laid out in™'% 8.1Exar}1ples of gridded & “f‘cefga'“ty f'el!ds for HadISDH ng
Jones et al. (1997). For grid boxes with data we first estimat June 1980 fo(@) station uncertaintyb) sampling uncertainty an

h . f individual . in th id e L:(c) combined uncertainty as a percentage of the grid-box climato-
the mean variance of individual stations in the gri bt:fx logical (1976-2005) value for June. Note non-linear colour bars.

25
1.0

N

ABojoyewi|2 INNC 10 %

0.1

using
52 = & (13)
" (14 (Nsc—D7r)’ uncertainties. The main driver of the sampling uncertainty is
a2 , ) ) the standard deviation of grid-box monthly specific humidity
where ¢ is the variance of the grid-box anomalies calcu- 4,omalies.

lated over the 1976-2005 climatology period avist is the The sampling uncertainty and station uncertainty esti-
mean number_of_ stations contnputlng _to the grld-_box mean.mates are assumed to be independent and are combined
The last term7, is the average inter-site correlation and is j, quadrature to provide a combined uncertainty statistic,
estimated using shown for June 1980 in Fig. 8c as a percentage of June clima-
_Xp X0 tology. Station uncertainty is the largest component and dom-
=+ (1_ exp(——)), (14)  inates the combined uncertainty fields where there are data.
The magnitude of the combined uncertainty relative to clima-
tology is generally less than 5% (for 69.3 % of grid boxes)
Shut exceeds 10 % of June climatology in 8.0 % of grid boxes,
which are mostly located in parts of the subtropics. This re-
G2F(1—7)) flects the large uncertainty in adjustments made to the data.
2 i X . .
SE = At (Ne— D)’ (15) For there to be confidence in any changes apparent in the
S data, these changes must be larger than the combined spread
However, heréVs is the actual number of stations contribut- of uncertainty.
ing to the grid box in each month, giving a time varying?SE Brohan et al. (2006) also provide a bias estimate. How-
The number of stations contributing to the grid-box meanever, for humidity over land, no such broad-scale estimates
makes a large difference to 3BEwith a 10-fold increase in  have been assessed to date. While there are likely biases lo-
stations making SEan order of magnitude smaller. Sam- cally for urbanisation and land-use changes such as increased
pling uncertainties, in gkgt, are shown in Fig. 8b as® irrigation, it is assumed here that their effect at the large 5

whereX is the diagonal distance across the grid box &nd
is the correlation decay length between grid-box average
Grid-box sampling uncertainty, $Eis then estimated by
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by 5° grid-box scale is small. A recent study by Asokan et For each station, the actual anomalies are then added to
al. (2010) found changes in evapotranspiration flux resultingthe first climatology error time series, the first measurement
from irrigation over the Mahanadi River Basin in India sug- error time series and the first adjustment error time series to
gesting that local water use could be important in regionalgive the first station realisation. The second to tenth station
climate change. Further work is needed to quantify this im-realisations are created similarly. These ten realisations of
pact for the global scale. each station are then gridded in the same manner as the ac-
Another way to explore the uncertainty would be to pro- tual HadISDH to give ten gridded realisations. For sampling
duce plausible ensemble estimates of HadISDH, as was donerror, ten values are randomly selected from a Gaussian dis-
for HadCRUT4 (Morice et al., 2012) or Remote Sensing tribution and used as scaling factors on the sampling uncer-
Systems’ Microwave Sounding Units product (Mears et al.,tainty. The scaling factor is consistent across all grid boxes
2011). This is the first time that a global humidity esti- and months within each of the ten sampling error realisations.
mate has been given any measure of uncertainty. Creatingihese are then combined with each of the ten gridded station
a meaningful ensemble product that enables the uncertaintyealisations to give the 100 member ensemble of the gridded
model developed here and its interdependencies through thidadISDH.
HadISDH processing chain to be more fully explored is a To explore the uncertainty over large-area averages
future aspiration. (Sects. 5.3 and 5.4), the spatial coverage uncertainty is es-
timated and combined with the station and sampling uncer-
4.3 Using the uncertainty model to explore uncertainty  tajinties, after Brohan et al. (2006), for the globe, Northern
in long-term trends Hemisphere, tropics and Southern Hemisphere. As the spa-
tial coverage of the gridded data is not globally complete
To explore the_ uncertainty in individual grid-box trends_ and variesgfrom mon?h to month, this ungertain)t/y neeE)js to
(Sect. 5.2), a simple 100_ member ensemble of HadISDH 'Se accounted for when creating a regional average time se-
creatgd, randomly.sam_pllng across Fhe spread of the"zf ries. To estimate the uncertainties of these large-area aver-
certainty for each |nd|V|dgaI uncertainty component (cllma— ages, which are based on incomplete coverage, we use the
tolqu, m'ea}surement, adjustmgnt and sampling uncert"’“my)ERA-Interim reanalysis product due to its good agreement
Th'.s Is distinct from that des_crlbed at the en_d of Sect. 4.2, iyn the in situ surface humidity (Simmons et al., 2010). For
which would be a far more rigorous exploration of the un- each month in the HadISDH anomalies, the ERA-Interim

certainty fields. The ensemble members created here Wh"?} anomalies from all matching calendar months are selected

avaHgbIe to users, are purely_for exploring the SF’read O.f UNi.e. for a January in HadISDH, all Januaries in ERA-Interim
certainty and not to be used singularly as a plausible estimatg o sejected). The ERA-Interim fields are then masked by the
of land surface humidity. spatial coverage in HadlSDH for that particular month and

For each station, ten versions of anomaly time series arg cosine-weighted regional average is calculated. The resid-
created by adding the actual anomaly values to random Val[;als between these masked averages and the full regional

ues of climatology, measurement and adjustment errors aﬁverage are then calculated. From the distribution of these

follows: residuals, the standard deviation is extracted and used as the
— Climatology error time seriegen values are randomly spatial coverage uncertainty for that HadISDH month in the
selected from a Gaussian distributign£ 0, 20 = 1) regional time series. The sampling and station uncertainties
for each station. The Gaussian distribution is forcedare estimated from the individual sampling and station uncer-
to have Zr =1 because this then provides~a95% tainties for each grid box, and then combined with the overall
chance that the randomly selected values lie betweeroverage uncertainty for the region in question. On a month-
—1 and 1. These values are then used as a scaling factdyy-month basis, the sampling and station uncertainties from
on the 2o climatology uncertainty which has an annual each grid box are treated as independent errors, and so the re-
cycle but is constant year to year. gional sampling and station uncertainty is the square root of
. . . . the sum of the normalised cosine-weighted squares of the in-
— Measurement error time serieen time series are cre- .. . - L
dividual grid-box uncertainties. Individual components (sta-

ated by randomly selecting values from the Gaussian

distribution for each station and each month. These areyon’ grid-box sampling and spatial coverage) are also treated

then used as scaling factors on the easurement un- as independent, and so root-sum-squared as appropriate to

certainty, such that the error randomly varies over time.?iztsam the final 2r uncertainty on the area-average time se-

— Adjustment error time serieten time series are created  To obtain the annual uncertainties, the autocorrelation of
by randomly selecting values from the Gaussian distri-the different uncertainty components needs to be accounted
bution for each station and each homogeneous subpédor as well as possible. The sampling uncertainty is treated
riod (the period between two adjustments). These areas uncorrelated between months in Brohan et al. (2006), and
then used as scaling factors on the adjustment uncerso each of the uncertainties is independent, and the annual
tainty for each homogeneous subperiod. sampling uncertainty is the root-sum-square of the monthly
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uncertainties, normalised by 12 to account for the number a)
of months. The station uncertainty, however is treated as P
completely autocorrelated, and so the annual station uncer- - ’

tainty is the mean of all 12 monthly uncertainties. For the
annual coverage uncertainty, the comparison between ERA+ - - - -
Interim and HadISDHy fields is repeated for annual aver- ‘
ages (as for monthly). The three individual components are
then combined as described above. We note that the treat-
ment of the station uncertainty as completely autocorrelated,
and the sampling uncertainty as completely uncorrelated, is®
an approximation, as these uncertainty components are them-
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from different sources. The climatology component (Egs. 7 ," #
to 10) for example, although uncorrelated between months,:‘jj“.'.“""

is correlated across years (i.e. January to February is uncorre-t -:1\\
lated, but January in year 1 to January in year 2 is correlated). ~.
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5 Recent trends in land surface specific humidity

5.1 Validation against other land surface

humidity products L
It is first necessary to assess the likely quality of HadISDH
before we can use it with any confidence. This has been done
by comparing grid-box decadal trends with the older Had-
CRUH product (Fig. 9) and large-scale area average time se- _ - o
ries with all other existing products: HadCRUH (Willett et Fig. 9. Decadal trends in specific humidity for HadCRUH versus
al., 2008); HadCRUHext (Simmons et al., 2010); Dai (Dai HadISDH over the 1973—2003 period of record. Trends have been

. . . estimated using the median of pairwise slopes (Sen, 1968; Lan-
2006); and the reanalysis product ERA-Interim (from 1979 zante, 1996) method. Where intervals defined by the 95% confi-

onwards)_ re_grldded tq"Eby 5” and weighted by pgrcentage dence limits on the median of the slopes are both of the same sign
of land within each grid box (Dee et al., 2011; Willett et al., a5 the median trend presented in the grid boxes, the trend is pre-
2011, 2012) (Fig. 10a to d). The ERA-Interim time series aresumed to be significantly different from a zero trend. This is indi-
shown both spatially matched to HadISDH and with com- cated by a black dot within the grid box. This means that there is
plete land coverage. higher confidence in the direction of the trend, but not necessar-
In all cases trends have been estimated using the median d¥ the magnitude. The spread of the confidence interval provides
pairwise slopes (Sen, 1968; Lanzante, 1996). Confidence ithe confidence in the magnitude; these values are available online
the trend is assigned using the 95 % confidence range in that www.metoffice.gov.uk/hadobs/hadisdNote non-linear colour
median value. Where the intervals defined by the confidenc®'s:
limits are either both above zero or both below zero, there is
high confidence that the trend is significantly different from
a zero trend. The spread of these intervals gives an estimatontrol and homogenisation methods used. There are large
of confidence in the magnitude of the trends. differences over the USA owing to the improvements in cov-
For the grid-box trends over the common period 1973—erage and station compositing described in Sect. 2; see also
2003, HadISDH shows generally good agreement with Had-Smith et al. (2011). In HadISDH, moistening is now far more
CRUH - the key feature of widespread moistening is com-widespread over the USA.
mon to both with drying apparent in parts of southern For the globally averaged annual time series, there is very
Africa, southern South America, southern Australia andgood agreement between all data products both in long-term
New Zealand. HadCRUH shows more moistening in thechanges and inter-annual behaviour. There are sporadic de-
tropics (e.g. Brazil, western Africa and northern India). viations between the HadCRUH family, HadISDH and Dai
HadISDH shows more moistening over the USA and south-which may be due to differences in spatial sampling or the
east Asia. There is very little overall difference, with 92.3 % homogenisation applied (none has been applied to Dai). The
of HadISDH grid boxes showing moistening versus 89.5 %spatially matched ERA-Interim gives closer agreement with
in HadCRUH. lt is likely that HadISDH contains fewer out- HadlSDH, as expected, although agreement deteriorates out-
lying/poor quality data issues due to the improved quality side of the well-sampled Northern Hemisphere. As noted in
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(a) GLOBAL (70S to 70N) 0.089 (0.080 to 0.098) g/kg per decade GLOBAL (705 to 70N) ] ¢ (e)

g/kg

1979-2003 anomalies 1976-2005 anomalies

(b) NH (20N to 70N) 0.086 (0.075 to 0.097) g/kg per decade NH (20N to 70N)  Jo o (f)

a/kg
alkg

1979-2003 anomalies

1976-2005 anomalies

TROPICS (20S to 20N) 0.133 (0.119 to 0.148) g/kg per decade TROPICS (20S to 20N)

a/kg
o
e

1979-2003 anomalies 1976-2005 anomalies -10

(d) SH (70S to 20S) /\ 0.013 (-0.005 to 0.031) g/kg per decade SH (70S to 20S) (h)
J

g/kg

1979-2003 anomalies 1976-2005 anomalies -10

1975 1980 1985 1990 1995 2000 2005 2010 1975 1980 1985 1990 1995 2000 2005 2010
Year Year

HadCRUH — Dai ERA-interim (full)
- HadCRUHext ERA-interim (matched) — HadISDH coverage station ~EEE sample

Fig. 10. Time series of large-scale average specific humidity over land for HadISDH and existing data pr@gd¢tdnnual time series

from all other global surface humidity products given a zero mean over the common period of 1979-2003. Dai ¢o8ets B0 N.
ERA-Interim has been weighted by % land coverage in each grid box and is shown both spatially matched to HadISDH and with complete
coverage(e-h) Monthly time series (relative to the 1976—2005 climatology period) for HadISDH witlu@certainty estimates. The black

line is the area average (using weightings from the cosine of the latitude). The red, blue and orange lines shoonthimed uncertainty
estimates from the grid-box sampling uncertainty, the station uncertainty and the spatial coverage uncertainty, respectively. Decadal trends
are shown for each region for the period 1973-2012. These have been fitted to the monthly-mean anomaly time series using the mediar
of pairwise slopes as described in Fig. 9, with the 95 % confidence intervals shown. Where these are both of the same sign (i.e. the globe,
Northern Hemisphere and tropics) there is high confidence that trends are significantly different from zero.

Simmons et al. (2010), a change in SST source ingested intetations where ISD updates have resulted in their removal
ERA-Interim in 2001 led to a cooler period of SSTs hence-or merges with another record. There may be loss or addi-
forth, which almost certainly led to slightly lower surface tion of years of data for stations that remain in HadISDH. In
specific humidity from 2001 onwards, even over the land.some cases this may change the underlying station trends.
This is apparent in Fig. 10a to d. While Dai, HadISDH and all While using grid-box average anomalies mitigates the ef-
varieties of HadCRUH use the same source data, the methodscts of this instability somewhat, some notable differences
are independent and station selection differs. ERA-Interimcould persist through to the grid-box level. Changes are un-
does ingest surface humidity data indirectly through its usdlikely to affect the large-scale features of the data. In updat-
for soil moisture adjustment, but also has strong constraintsng from 2011 to 2012, the HadISDH trend for large-scale av-
from the 4D-Var atmospheric model and many other dataerage changed minimallyH0.01 gkg ! per decade). Com-
products, so it can be considered independent (Simmons gtarisons will be made after each update and documented at
al., 2010). However, itis not impossible that the ERA-Interim www.metoffice.gov.uk/hadobs/hadisdh/
reanalysis and the in situ products may be jointly affected by
a contiguous region of poor station quality. 5.2 Spatial patterns in long-term changes in land

Users should note that annual updates to HadISDH will surface specific humidity
likely also involve some changes to the historical record as
the ISD source database is undergoing continual improve:- .
ments to its historical archives. This can result in the addi—The spatial pattern of long-term trends over the full

tion of some stations into HadISDH that will then have suffi- (1\2:;—52?;5 dprirgi)siefilr?.)lt%)) tig?vlioa\‘/vxegr Sllrg;lgizrggg”ﬁl
ciently long data series. It may also result in the loss of som P 9

eFig. 9. There are some notable differences, with more
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Fig. 11. Decadal trends in specific humidity for HadISDH over
1973-2012. Trends are fitted and confidence assigned as described . __95th Percentile

in Fig. 9. Note non-linear colour bars. ga T b 2 T

ern Africa showing more moistening. Overall, there is

widespread moistening which is strongest across the trop-
ics. The subtropics over the USA, South America and Aus- _ o _
tralia show drying. This is consistent with the now well- Fig. 12. Exploration of the uncertainty in decadal trends using 100

observed and documented intensification of the hydrological62Sations of HadISDH spread across the dncertainty esti-
cycle over recent decades (Allan et al., 2010). mates. Median pairwise trends were fitted over the period for each

. . realisation, with higher confidence assigned by a black dot as de-
The grid-box trends range from . approxmately scribed in Fig. 9. For each grid box, the 5th percern(@g median
~0.1gkg™* to 0.3gkg* per decade. This is compara- (b) and 95th percentiléc) trends are shown. If the uncertainty was
ble to the uncertainty ranges shown in Fig. 8. To explore|arge enough to obscure the long-term trends, then it would be ex-
the uncertainty in these trends, an ensemble of HadISDH ipected that the 5th and 95th percentiles would starkly disagree with
created with 100 members as described in Sect. 4.3. Trendsach other. In fact, there is very little difference as showr(dy
are fitted to each ensemble member at the grid-box scaldb) and(c) above. Note non-linear colour-bars.
The 5th percentile, median and 95th percentile trends for
each grid box (assessed individually) are shown in Fig. 12
a to c, respectively. Moistening remains the main feature ofany analyses on small scales. The coverage uncertainty at the
all three maps, so the conclusion of widespread moisteningnonthly scale (see Fig. 13 for annual uncertainties) is largest
appears to be robust to the quantified uncertainties, espéer the Southern Hemisphere and tropics, where spatial cov-
cially across the tropics, Eurasia and north-eastern Northerage is poorest. The decadal trend estimates (with 95 % con-
America. Drying over the south-western USA also appearsidence limits in the median of the pairwise slopes) are shown
to be significant relative to uncertainty, but the extratropicalto be 0.089 (0.080 to 0.098) g kg per decade for the globe,
drying regions show relatively large uncertainty. 0.086 (0.075 to 0.097) gkg per decade for the Northern
Hemisphere and 0.133 (0.119 to 0.148) gkger decade
5.3 Long-term changes in large-scale area average land for the tropics. The narrow ranges of the confidence limits
surface specific humidity around the trend increases our confidence in these moisten-
ing trends. For the Southern Hemisphere, which includes the
For the globe, Northern Hemisphere and tropics, the un-drying regions of Australia and South America, the overall
certainty range is smaller than the overall long-term trendsignal is of very slight moistening but it is not significantly
(Fig. 10e to h). Hence, we can be confident in the long-termdifferent from a zero trend at 0.013-0.005 to 0.031) g kgt
moistening signal shown in the data over these regions. Theer decade. The variability and uncertainty estimates in the
uncertainty is dominated by the spatial coverage, but the staSouthern Hemisphere are much larger than elsewhere. This
tion and sampling uncertainty will be more important for region has few data compared to the Northern Hemisphere,
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[T T
a) | — HadispH

0.5 -—— HadSST3 median r = 0.79
[ —— CRUTEM4r=0.83

0 period of plateauing more akin to global SSTs. For compari-

3 son the global SST record from the median of the HadSST3
ensemble is also shown in Fig. 13, with the rationale that
specific humidity over land is likely to be related to SSTs
given that the majority of evaporation occurs over the ocean.
Globe 90590 Correlations of the detrended annual time series show rela-
T tively strongr values ¢ 0.8) for both land air and sea surface
temperatures with the land specific humidity for all regions
except the Southern Hemisphere, where the land air/specific
humidity lowers tor = 0.54. The stronger correlation with
SSTs is perhaps to be expected here given that the Southern
Hemisphere is mostly ocean. The annual average uncertainty
estimates are also shown in Fig. 13. It is interesting to note
that uncertainty is largest in the tropics for specific humid-
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- 2 ity, whereas for land air temperature it is by far the largest
E °'° %05 in the Southern Hemisphere. This is likely due to the poorer
os :,0_50 station coverage in the tropics, where year-to-year variability
Tropies 205208 4 in specific humidity is highest.
&) [ nadison 51-00 CRUTEM4, although presenting a different atmospheric
05— HadSST3 median r=0.75 Jos component to HadISDH, uses a number of the same stations

—— CRUTEM4 r?O.SG y

and so is not truly independent. However, HadSST3 uses ship
and buoy data and so is an independent record. Overall, these
05 relatively high correlations between HadlSDH and both tem-
7 L. Shemisphered00S perature records provide further evidence that HadISDH is a
1980 1985 1990 1995 2000 2005 2010 reasonable estimate of large-scale land surface specific hu-
midity. The relatively strong relationship with SST may go
Fig. 13. Comparison of large-scale annual average time series fromsome way to explaining the recent plateauing in the land spe-
HadISDH land specific humidity with land surface air temperature cific humidity record, which concurs with the decreasing RH
from CRUTEM4 (Jones et al., 2012) and sea surface temperaturgver land found in Simmons et al. (2010). Assuming that
from HadSST3 (Kennedy et al., 2011a, b), including uncertainty the oceans are the major source of surface specific humid-
ranges. Temperature data have been adjusted to have a zero meﬁv’ even over land, it follows that the slower rate of warm-
over the 1976-2005 climatology period of HadISDH. Correlations ing over the ocean cannot support evaporation at a rate suf-
between the land air temperature and SST and Ignd surface humiditﬁcient to maintain increases in specific humidity in concert
have been performed on the detrended time series. . . . .
with land surface temperatures. This needs further investi-
gation utilising marine surface specific humidity and marine

both because it is mainly ocean and because station dens:it%nd land RH (currently unavail'able'), in addition to assessiqg
is lower, making it harder to identify and adjust for inhomo- rates of change over time. This will be addressed further in

geneities. Considering these factors, in addition to the knowrfuture papers. _
historical changes in the ISD record, we urge caution over It S clear from Fig. 13 that very warm years do not al-

Southern Hemisphere trends, which remain unstable withVays lead to very moist years. While we may not expect
year-to-year updates. land specific humidity to follow land air temperatures ex-

actly given that SSTs are also an important factor, the 2000s
5.4 Analysis of inter-annual variability in land surface ~ saw warm years both in the land air and sea surface temper-
specific humidity with surface temperature ature records that did not constitute especially moist years.
Annual anomaly maps of HadISDH and HadCRUT4 for the
The strong El Niio events of 1998 and 2010 are clear in the two warm and moist years of 1998 and 2010 are shown in
year-to-year variability of the data, these two years being thd=ig. 14 in comparison to 2007, a very warm year over land
moistest since the record began in 1973. These were also twout not exceptionally moist. It is clear that the main tem-
of the three warmest years for the globe (combined land aiperature signal in 2007 originates from the high latitudes,
and sea surface temperature) since 1850, the third being 200Bhereas in the strong El No years it is in the lower lati-
(Sanchez-Lugo et al., 2012). However, the land air temperatudes. This matches the spatial distribution of high specific
ture, as shown by CRUTEM4 in Fig. 13, shows a number ofhumidity anomalies. Following the Clausius—Clapeyron re-
very warm years in the mid-2000s that were not especiallylation, the warmer lower latitudes can drive a much greater
moist years. In fact, specific humidity over the 2000s, al-increase in moisture for a given rise in temperature than the
though mostly above the long-term average, demonstrates eooler higher latitudes. On further investigation (not shown
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Despite the moistening (in absolute terms) shown here,
other research shows that the land surface atmosphere be-
came less saturated over recent years, as shown by the de-
creasing relative humidity in Simmons et al. (2010). The
decrease is too recent to be defined as a long-term trend.
HadISDH paves the way for a later development of a rela-
tive humidity product in addition to other humidity variables
which will allow this aspect to be fully explored. In absolute
terms, the globe contains more moisture over the land sur-
face now than in the 1970s. In relative terms, this depends on
the simultaneous temperature changes and whether enough
water has been evaporated to sustain the relative humidity.
Following Clausius—Clapeyron this would need to be 7 % for
every 1 kelvin rise in temperature.

6 Data availability and logistics

The gridded product of HadISDH used here is
HadISDH.landg.1.0.0.2012p. It is freely available for
research purposes fromwvww.metoffice.gov.uk/hadobs/
hadisdh along with supporting material, diagnostics

and also some of the source code used in develop-

NS e VIS ment. Individual stations are also available on request.
Version control will follow the HadISD format (Dunn

e e et al,, 2012) with HadlSD updates being fed through
to HadISDH. HadISDH version control and format is

Fig. 14. Ar_mual average anomalie's_ (from _th_e 1976-2005 clima- fully described on the download web page. The version
tology period) for HadlSDH specific humidity and HadCRUT4 of the pairwise algorithm used is that associated with

(Morice et al., 2012) temperature for the two moistest years W|th|nthe GHCN v3.2 release and can be downloaded from

the HadISDH record (1998 and 2010) which were also among theg Jf d Joa/cli / h/ushcn/oh
warmest years since records began in 1850, and one of the warme {tp. www.ncdc.noaa.gov/oa/climate/research/ushcn/#phas

years in the land record from CRUTEM4 (2007: see Fig. 13) that While great effort has been made to ensure high quality and

was not simultaneously very moist. Note non-linear colour bars.  long-term homogeneity of the data, all users are advised to
use the uncertainty estimates and station numbers contribut-

ing to each grid-box mean where possible. Furthermore,
here is some instability resulting from continual ISD

[ . Y S
- c-t- ~

here), the warmth of 2007 was strongest during the borea} . L .
winter and over land, whereas during the 1998 and 2010 E pdates and improvements to the historical data, as noted in

o . . : ect. 5.1. For each update an assessment will be made of any
Nifio years temperature anomalies remained high from the . . ) o
o2 resulting differences in HadISDH. This will be documented
beginning of the year through to boreal summer and featured . . .
. : on the website. Feedback is very much appreciated and
over both land and ocean. This also helps to explain the en; . .
. . . . . future versions/annual updates will endeavour to address any
hanced moisture increase in the Efidiyears. So, interms of . . :
. g . ) issues found. Table 3 documents the fields available.
changes in surface temperature, the “where” and the “when
are important factors governing changes in moisture con-
tent, and the surface specific humidity record shows a strong Conclusions
influence from the phase of El Rb—Southern Oscillation.
However, the correlation of the detrended monthly HadISDHWe have presented a new, improved and updatable surface
from the tropics and an optimally lagged (at 4 months) Nino specific humidity product over land, HadISDH, for the pur-
3.4 index derived from HadSST2 (Rayner et al., 2006; pro-pose of assessing long-term changes. It benefits from im-
vided by John Kennedy) is only approximately 0.54. This proved station coverage and compositing, more in-depth
suggests the importance of other factors in explaining indi-quality control, and more thorough and objective homogeni-
vidual monthly variability. These could be land—sea temper-sation. It also has uncertainties parameterised through a for-
ature differences, changes in atmospheric circulation includimal error model. HadISDH has been compared against all
ing subsidence of the dry air in descending regions, the vertiexisting global products over their respective overlaps and
cal structure of temperature anomalies throughout the atmoshown to be in very good agreement. It is the only purely
spheric column, and other modes of variability. observationally based estimate that exists after 2007, and it
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Table 3. Description of data contained in the HadISDH CF-compliant netCDF file.

Maximum and

Field Description Dimensions minimum values

ghumabs Monthly mean specific humidity 72 by 36 by 468  0.000 to 23.570¢ kg

ghumanoms Monthly mean anomaly specific humidity from the 1976—200% by 36 by 468 —6.308 to 5.867 g kg
climatology period

ghumstd Standard deviation of all station monthly mean anomalies 72 by 36 by 468 0.0 to 100.0 g kg

within the grid box for each month
ghum.combinederr ~ Station uncertainty and sampling uncertainty combined in 72 by 36 by 468  0.031to 2.272 gkg
quadrature to give a@ uncertainty

ghumsamplingerr 2 sampling uncertainty 72 by 36 by 468  0.002 to 0.778 kg

ghumrbar Average inter-site correlation 72 by 36 0.100 to 0.891g'kg

ghumsbarSQ Estimate of the mean variance of individual stations in the grid by 36 0.030 to 10.000 g kdt
box

ghumstationerr Climatological, measurement and adjustment uncertainty 72 by 36 by 468  0.015 to 2.656 gk
combined in quadrature to give arstation uncertainty

ghumadjerr 1.6% adjustment uncertainty 72 by 36 by 468 0.015t0 2.186‘glkg
ghumobserr 2 measurement uncertainty 72 by 36 by 468 0.001 to 0.13Td kg
ghumclimerr 1.65% climatological uncertainty 72 by 36 by 468  0.003 to 1.144gkg
ghumclims Monthly climatologies over the 1976-2005 period 72 by 36 by 12 0.041 to 22.364'g kg
meann_stations Total number of stations within the grid box over entire record 72 by 36 1to42
actualn_stations Actual number of stations within the grid box for each time step 72 by 36 by 468 0to 41
lat Latitude in 5 72 by 36 —87.5St087.5N
lon Longitude in B3 72 by 36 —-177.5Wto 177.5 E
times Months since January 1973 468 1=January 1973,
480 = December 2012
months 1-12 12 1to12

provides a valuable complement to the reanalysis data thatesulting from a warming globe. For large-scale averages, un-
have provided monitoring since then. This is the first time certainty is dominated by the spatial coverage component;
that the pairwise homogenisation algorithm has been used fostation and grid-box sampling uncertainties are essentially
surface humidity. The close agreement with existing prod-negligible. Large-scale averages exhibit increasing trends
ucts suggests that the pairwise algorithm is an effective toothat exceed the uncertainty estimate for the globe, North-
for homogenising the surface humidity data. Further work isern Hemisphere and tropics, suggesting that the atmosphere
necessary to thoroughly assess the strengths and weaknessdmve the global land surface is moister now that it was in
of this important process using humidity benchmark data inthe 1970s. The moistest year on record was 1998, followed
addition to exploring seasonally varying and proportionally by 2010, two strong El Nio years and concurrently two of
applied adjustments. The uncertainty model could also be rethe three warmest years on record. A small moistening trend
fined. is discernible for the Southern Hemisphere, although it is
HadISDH shows widespread and significant moisteningnot statistically significant, and variability, both month-to-
across the globe from 1973 to 2012. This is shown to bemonth and annual, in addition to the estimated uncertainties,
highly significant and robust to an assessment of unceris large.
tainties that for the first time accounts in an explicit and It is intended that HadISDH be updated annually so that
quantified manner for random, systematic and sampling efit can be used to monitor year-to-year changes in specific
fects on estimates of large-scale specific humidity averagesiumidity. Future work will deliver similar products for rel-
Moistening is strongest over the tropics. There are a few reative humidity, vapour pressure, wet bulb temperature and
gions showing a spatially coherent drying signal: southerndew point temperature, and also the simultaneously observed
South America, south-western USA, parts of south-easternemperatures. Such a suite of simultaneously derived temper-
USA, and parts of Australia, all essentially in the subtropics.ature and humidity products will be a valuable addition to
There is generally lower confidence in these signals given théurther our understanding of the water cycle under climate
spread of the trend range. However, this creates a general pichange.
ture of moistening wet regions and drying dry regions, con-
sistent with the theory of an intensified hydrological cycle
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