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Abstract
The diurnal water-vapour cycle is a critical component of the hydrological cycle,
yet it is one of the hardest components to accurately reproduce in forecast and
climate models. Previous studies have shown that both forecast and climate
models underrepresent the diurnal water-vapour cycle, which leads to errors
in precipitation, cloud, and radiative transfer parameters. Most diurnal cycle
studies were conducted in the Tropics, and very few model evaluations of this
process exist for the Arctic. Additionally, the majority of studies focus on total
column water-vapour cycles; almost none use height-resolved measurements.
In this study, we evaluate the diurnal water-vapour cycles in Environment and
Climate Change Canada’s Global Environmental Multiscale–High Resolution
Deterministic Prediction System (GEM–HRDPS) numerical weather forecast
model and the European Centre for Medium-Range Weather Forecasts Reanaly-
sis v5 (ERA5) using a Vaisala preproduction differential absorption lidar (DIAL)
and a co-located Global Positioning System (GPS) located in Iqaluit, Nunavut
(63.75◦ N, 68.55◦ W). Both numerical products reproduce the phase of the diur-
nal cycle well below 1 km year-round. However, ERA5’s diurnal amplitudes are
significantly smaller than the DIAL and GPS amplitudes. GEM–HRDPS ampli-
tudes are consistently larger in the first few hundred metres but smaller above
1 km; it also underrepresents the amplitude of the total column diurnal cycle.
Neither ERA5 nor GEM–HRDPS accurately reproduce the 12-hr component
of the diurnal cycle in either the height-resolved or total column cycles. The
inability to accurately reproduce the 12-hr component in both numerical prod-
ucts suggests that the representation of some underlying process is incomplete,
which can impact the accuracy of precipitation and radiative transfer algo-
rithms. In conclusion, we find that the numerical products are able to reproduce
the general behaviour and shape of the cycle but still require improvement at
certain altitudes.
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1 INTRODUCTION

The diurnal cycle of water vapour is one of the most criti-
cal components of the hydrological cycle. It is an integral
component of convection, precipitation, and other physi-
cal processes in weather and climate numerical models. As
such, it is an excellent diagnostic variable for model eval-
uation, since it encompasses and mirrors several aspects
of model performance. The diurnal cycle has been, and
largely still is, one of the most difficult components to
reproduce in atmospheric numerical models (for climate
and weather forecasting) (Dai and Trenberth, 2004; Bock
et al., 2007; Bechtold et al., 2008).

Though climate and weather forecasting models can
reproduce climatological, seasonal, subseasonal, and
mesoscale processes quite well, the diurnal cycle remains
a challenge. Typical problems have included convection
starting too early during warm seasons by 2-4 hr, extended
daytime convection over land, incorrect cloud type for-
mation resulting in errors in radiation transfer, and low
integrated water vapour (IWV) diurnal amplitudes (Dai
and Trenberth, 2004; Bechtold et al., 2008; Stratton and
Stirling, 2012). For example, Bechtold et al. (2008) found
that the early initiation of convection and extended con-
vection throughout the day delayed the onset of convective
precipitation in many regions, thereby resulting in the
underrepresentation of extreme precipitation events and
less precipitation than observed. Thus, key improvements
to modelling the diurnal cycle of convection were made
(e.g., (Stratton and Stirling, 2012; Bechtold et al., 2014)),
which has resulted in the improvement of the precipita-
tion diurnal cycle across much of the globe, particularly
in regions of deep convection and in midlatitudes over
land. Improvements to the convection diurnal cycle have
direct impacts on precipitation, cloud, and radiative
diurnal cycles. Thus, we should also expect to observe
improvements in the water-vapour diurnal cycle.

Accurately modelling the diurnal water-vapour cycle
has been hampered by the lack of instrumentation and
observations capable of resolving the diurnal scale.
Radiosondes have been the instrument of choice for
humidity profile measurements; however, as they are usu-
ally only launched twice per day, they cannot accurately
resolve the diurnal component. Additionally, the humid-
ity sensors are prone to internal diurnal cycles that must
be corrected (Miloshevich et al., 2009; Dirksen et al., 2014).
Bevis et al. (1992) demonstrated that Global Positioning
System (GPS) satellites could be used to obtain total col-
umn water vapour or IWV measurements on the scale of
minutes; thus, it became one of the choice instruments
for detecting diurnal cycles. Bouma and Stoew (2001)
presented some of the first measurements of the diurnal
water-vapour cycle in the Baltic region and examined the

peak-to-peak amplitude of the 24 hr cycle. Dai et al. (2002)
presented IWV diurnal cycles using GPS receivers for
North America and further found that the IWV diurnal
cycle has two primary components: the 24 hr diurnal and
12 hr semidiurnal. Since then, GPS measurements have
become the preferred technique for deriving IWV diurnal
cycles (e.g., Bock et al., 2007; Jakobson et al., 2009; Galis-
teo et al., 2011; Lees et al., 2021). GPS receivers lack the
ability to distinguish height-resolved cycles and thus can-
not resolve how the process evolves with altitude. There
remains a lack of height-resolved diurnal water-vapour
cycle studies, particularly in the boundary layer, due to
the continued lack of high-frequency boundary-layer
profiling instruments. Satellite-based imagers have been
used to study upper tropospheric humidity diurnal cycles
(Chung et al., 2013; Xue et al., 2020), as have ground-based
microwave radiometers for the stratosphere and meso-
sphere (Haefele et al., 2008; Hocke et al., 2017). Louf
et al. (2015) and Wang et al. (2002) both used a novel
microwave radiometer to measure diurnal mixing-ratio
cycles in the first 4 km as well at 100 m vertical res-
olution in Africa and Oklahoma respectively. Finally,
Chepfer et al. (2019) used satellite-based microwave
radiometer measurements to get 1–4 km vertical resolu-
tion height-resolved diurnal relative humidity cycles from
900 hPa to 200 hPa in the Tropics.

Thus, the bulk of diurnal water-vapour cycle research
has focused on the Tropics and midlatitudes, been limited
to either total-column or upper tropospheric and meso-
spheric altitude ranges, and most studies have relied on
relatively low vertical resolution observations. Though the
Tropics make an excellent region for diurnal cycle com-
parisons, higher latitudes continue to lack comparison
studies due to the difficulty in maintaining ground-based
observations for sufficient time-scales. High frequency
and metre-scale weather (vertically) occur in the boundary
layer; therefore, higher vertical resolution measure-
ments can help resolve boundary-layer processes. Higher
vertical water-vapour measurements have also been iden-
tified as a priority variable by the World Meteorological
Organization (WMO) to improve our understanding
of boundary-layer processes and forecasting (World
Meteorological Organization, 2016; Montmerle, 2020).

In this study, we address both the need for higher
vertical resolution and higher latitude observations of
water vapour profiles. In 2018, Environment and Climate
Change Canada (ECCC) deployed a preproduction Vaisala
lidar (Mariani et al., 2020; Newsom et al., 2020; Gaffard
et al., 2021; Mariani et al., 2021) and installed it at the
Iqaluit, Nunavut supersite (Joe et al., 2020). The lidar is a
differential absorption lidar (DIAL) capable of producing
specific humidity profiles from 90 m to 3 km altitude above
ground level (depending on the meteorological conditions)
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HICKS-JALALI et al. 3

at 100–300 m vertical resolution (in the first 1.5 km alti-
tude) at a temporal frequency of 20 min. Its high temporal
and vertical resolution make it an ideal instrument for
studying boundary-layer processes and the diurnal cycle.
The Vaisala DIAL is also not assimilated into forecasting
or climate models, and is therefore an ideal tool as an
independent source for model verification.

Hicks-Jalali et al. (2021) presented the first
height-resolved diurnal water-vapour cycles using lidar
measurements in the Arctic. They showed that the diurnal
water-vapour cycles measured by the DIAL agreed well
with the co-located WMO surface station mixing ratio
and temperature cycles, as well as with the co-located
GPS IWV diurnal cycles. The DIAL results were also
verified against available literature (Dai et al., 2002; Jakob-
son et al., 2009; Jakobson et al., 2014) for Arctic diurnal
water-vapour cycles. As such, in this follow-up study
we use the Hicks-Jalali et al. (2021) results to evalu-
ate the diurnal specific humidity and IWV cycles from
the European Centre for Medium-Range Weather Fore-
casts Reanalysis v5 (ERA5; Hersbach et al. (2020)) and
ECCC’s Global Environment Multiscale (GEM)–High
Resolution Deterministic Prediction System (HRDPS)
numerical weather prediction (NWP) model Milbrandt
et al. (2016). In this article we will refer to both ERA5
and GEM-HRDPS as “numerical products”. Both numer-
ical products have recently implemented new convection
and microphysics schemes and have made updates to
their assimilated observations. Additionally, the diurnal
water-vapour cycles in GEM have never been evaluated
for the Arctic. The goal of this study is to demonstrate the
value in using lidar measurements for NWP validation, as
well as to evaluate the numerical products’ current diurnal
water-vapour cycles to help guide future improvements.

The instrumentation, NWP model, and reanalysis used
in this study, and the preparation of their measurements
or output, are described in Section 2. Section 3 presents
the method used to calculate the diurnal water-vapour
cycle. The results and their discussion are in Sections 4
and 5 respectively. Finally, the summary and conclusions
are presented in Section 6.

2 DATA AND DATA PROCESSING

2.1 Vaisala differential absorption lidar

The Vaisala DIAL is a preproduction water vapour
broad-band lidar designed for operational meteorologi-
cal measurements. DIALs are ideally suited for opera-
tional meteorology owing to their high temporal and ver-
tical resolution in the boundary layer. The DIAL provides
water vapour profiles from 90 m above ground level to

approximately 3 km depending on the meteorological con-
ditions. Unlike the Raman method, in which the return
signal measured by the lidar is proportional to the Raman
scattering of a single laser signal, the DIAL method uses
the difference in atmospheric absorption between two
laser signals. The difference in atmospheric absorption can
be calculated by taking the ratio of the “online” (911.0 nm,
water sensitive) and “offline” (910.6 nm, water insensitive)
signals (Pon, Poff):

P𝜈,on

P𝜈,off
≃
∫ ∞−∞Son(𝜈 − 𝜈on)T2

WV(𝜈, z) d𝜈

∫ ∞−∞Soff(𝜈 − 𝜈off)T2
WV(𝜈, z) d𝜈

, (1)

where Son,off is the normalized laser spectrum for each
frequency 𝜈, TWV(𝜈, z). Equation (2) is the one-way atmo-
spheric transmission due to water vapour absorption at
each frequency with altitude z:

TWV(𝜈, z) = −
(

exp
∫

z

0
N(z)𝛾(𝜈, z) dz

)
. (2)

The water vapour transmission is a function of the water
vapour number density N(z) and the water vapour absorp-
tion cross-section 𝛾(𝜈, z). The derivation of Equation (1)
can be found in Newsom et al. (2020).

The DIAL uses an inverse method similar to that in
South et al. (1998) to solve for the water vapour number
density profile. The water vapour profiles are calculated
with respect to ground level; however, for simplicity we
just use “metres” to represent “metres above ground lev-
el”. Note that the Iqaluit supersite is only approximately
10 m above sea level; therefore, metres above ground level
and metres above sea level are almost the same. The water
vapour mixing ratio profiles are then calculated using a
weather sensor present on the DIAL and extrapolating
the temperature and pressure profiles using the Interna-
tional Organization for Standardization (ISO) 2533:1975
standard atmospheric model with a vertical temperature
gradient of −0.0065 K⋅m−1. A more detailed description
of the DIAL’s retrieval algorithm can be found in New-
som et al. (2020). Updated parameters for the preproduc-
tion model retrieval and design are presented in tab. 2 of
Hicks-Jalali et al. (2021) and Mariani et al. (2021).

The DIAL mixing ratio profiles have been evaluated
over several validation campaigns in various climates and
meteorological conditions. The initial prototype was pre-
sented in Newsom et al. (2020), which validated the pro-
totype DIAL against radiosondes, a Raman water vapour
lidar, and an atmospheric emitted radiance interferom-
eter (Knuteson et al., (2004a); Knuteson et al., (2004b))
at the Great Plains Atmospheric Radiation Measurement
research site in Oklahoma. They found that the DIAL
was effectively unbiased against the radiosondes and the
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4 HICKS-JALALI et al.

Raman lidar (−0.01 g⋅kg−1), but had a slight dry bias of
−0.22 g⋅kg−1 against the atmospheric emitted radiance
interferometer. ECCC deployed the new preproduction
model in early 2018 and validated it against a Raman
lidar at the ECCC site in Toronto (Mariani et al., 2020).
It was found to work well in urban conditions with a
minimal overall bias of 0.17 ± 0.14 g⋅kg−1. It was then val-
idated a second time for Arctic conditions against coin-
cident radiosondes and the Canadian autonomous Arctic
aerosol lidar (a Raman lidar) over a year-long period. Mar-
iani et al. (2021) found a small systematic wet bias in the
DIAL with respect to the radiosonde (0.13 ± 0.01 g⋅kg−1)
and the Canadian autonomous Arctic aerosol lidar (0.18 ±
0.02 g⋅kg−1). The wet bias between the two instruments
is due to an overestimation of the laser spectral width in
the DIAL’s water vapour retrieval algorithm and will be
corrected by Vaisala in future algorithm updates. In addi-
tion to the small systematic bias, Mariani et al. (2021)
found a diurnal cycle in the water vapour retrieval; the cur-
rent retrieval is sensitive to solar background noise in the
overlap region between the low-altitude and high-altitude
channels (250–450 m). This sensitivity will be resolved
by Vaisala in future models. Consequently, we have
removed this altitude region from our diurnal analysis.
Most recently, Gaffard et al. (2021) conducted a 1 month
validation of a second preproduction version at the UK
Met Office testing site in Cardington. They found biases of
similar range and magnitude to the previous studies.

The height-resolved diurnal analysis in this study uses
the same profiles and data processing as in Hicks-Jalali
et al. (2021). We use DIAL water-vapour mixing ratio pro-
files from September 2018 to June 2020. The DIAL has a
temporal resolution of 20 min but produces a rolling aver-
age profile every minute. For the purposes of this study,
we used one profile per hour at the start of the hour
for consistency with both numerical products. The pro-
file is an average of the 20 min prior to the hour mark;
for example, the average of 2040–2100 UTC is the profile
used for 2100 UTC. Though the DIAL reports measure-
ments every 4.8 m, Newsom et al. (2020) calculated the
vertical resolution to range from 100 to 300 m, increasing
with altitude. We vertically average the mixing ratio pro-
files to 100 m for the entire profile, noting that above 1 km
the vertical resolution increases to 200 m. Therefore, the
bins above 1 km may have some correlation.

2.2 GPS

The Iqaluit ground-based GPS receiver is managed by
National Resources Canada and the International Global
Navigation Satellite System Service (IGS). The station was
installed in late 2009 and has been operating continuously

since then with less than 2% downtime. The total col-
umn water vapour amount, or IWV, can be calculated by
determining the amount a satellite signal is delayed when
it is sent from the satellite to the ground receiver. Bevis
et al. (1992), Bevis et al. (1994), Emardson et al. (1998),
and Jones et al. (2020) provide detailed summaries on
the GPS IWV retrieval. The National Geodetic Labora-
tory at the University of Nevada has recently reprocessed
the IGS database with an updated IWV retrieval (Ble-
witt et al., 2018). The new IGS product now provides
an IWV calculation. Hicks-Jalali et al. (2021) validated
the National Geodetic Laboratory IWV measurements for
Iqaluit against the twice-daily radiosondes launched from
the Iqaluit supersite. The radiosonde and GPS IWV aver-
age values were well within the standard deviation of
their respective measurements for all seasons, with the
exception of a 1 mm wet bias for the GPS in the win-
ter months. The wet bias is likely due to the radiosonde
humidity sensor’s sensitivity to cold temperatures (Milo-
shevich et al., 2009; Dirksen et al., 2014). Regardless, a sys-
tematic bias has little impact on the diurnal cycle solutions
as the diurnal cycle is a relative calculation.

This study uses the same GPS diurnal cycle analysis
conducted in Hicks-Jalali et al. (2021) from September
2009 through December 2019. Hicks-Jalali et al. (2021)
found a discontinuity in the diurnal GPS measurements
at 0000 UTC/1900 h local solar time. The IGS GPS IWV
solutions are calculated in 24 hr batches, with no corre-
lation between each 24 hr period. Small errors in total
zenith delay from the satellite can result in discontinuities
at the 24 hr mark (Brockman, 2020), which are unavoid-
able. To mitigate their effect on the diurnal solutions, the
GPS measurements are averaged to a temporal resolution
of 1 hr and filtered as in Hicks-Jalali et al. (2021). For this
study, the solutions are shifted to UTC to facilitate com-
parisons with the models. GPS zenith total delay (ZTD)
measurements are assimilated into the GEM–HRDPS
forecast model, but not ERA5. As IWV measurements
are derived from ZTD, the GPS and GEM results are not
entirely independent. However, the GPS results are used
to complement the DIAL results and illustrate the degree
to which the numerical products agree or disagree with
both instruments. We find that the disagreement between
numerical products and GPS is similar to the disagree-
ment between numerical products and DIAL, which leads
us to conclude that the GEM–HRDPS’s dependence on
the GPS results is minimal.

2.3 GEM–HRDPS

The HRDPS is a high-resolution NWP forecasting model
developed by ECCC (Milbrandt et al., 2016) based on the
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HICKS-JALALI et al. 5

GEM atmospheric model (Côté et al., 1998). Its domain
covers the northern portion of the United States and
the majority of Canada and has a horizontal resolu-
tion of approximately 2.5 km, or roughly 0.0225◦ on its
rotated grid. At Iqaluit, the grid resolution is 2.42 km.
It uses 62 vertical levels, with an approximate resolu-
tion of 100 m in the first 2 km of altitude (with 11 lev-
els gradually stretched). The kilometre-scale resolution of
HRDPS was shown to improve forecasts of 1–2 days, par-
ticularly in cases of squall lines and convective storms.
The system has been operational at the Meteorological
Service of Canada since 2015, with regular updates. Of
importance for the period used in this study, the pre-
dicted particle properties microphysics scheme (Morri-
son and Milbrandt, 2015; Milbrandt and Morrison, 2016;
Milbrandt et al., 2018) was introduced with minor sub-
sequent modifications. GEM–HRDPS is run four times
per day starting at 0000, 0600, 1200, and 1800 UTC
for 48 hr. Finally, despite the fact that HRDPS falls into
the convection-permitting model category, the Kain and
Fritsch (Kain and Fritsch, 1990) convection parametriza-
tion scheme was introduced to HRDPS and reduced the
bias of the precipitation diurnal cycle for summertime
precipitation (Milbrandt et al., 2016).

Initial conditions for HRDPS come from different
sources. Hydrometeor fields are created from the previ-
ous run’s first 6 hr (Milbrandt et al., 2016). This allows the
HRDPS to start a forecast with fully developed clouds and
microphysics and additional spin-up time is not required.
The Canadian Land Data Analysis System (Carrera
et al. (2015)) is a 2.5 km coupled assimilation system that
provides a soil and vegetation scheme with the mean sur-
face temperature and soil moisture variables to drive the
atmospheric components. The Canadian Land Data Anal-
ysis System assimilates observations such as snow depth,
temperature, dew-point, soil moisture, snow albedo,
precipitation, and several other snow parameters. The
kilometre-scale assimilation of soil moisture and precipi-
tation can be important for convection due to the increased
ability to model moisture gradients (Milbrandt et al., 2016).
It is worth mentioning that detailed initialization of sea-ice
cover and surface temperature is not provided in the region
of Iqaluit but only in the south for the Gulf of St Lawrence.

The HRDPS is based on and is driven by the ECCC’s
lower resolution (10 km) Regional Deterministic Pre-
diction System (RDPS) model for initialization of other
variables and for the lateral boundary conditions. In addi-
tion to the standard synoptic and satellite measurements,
the RDPS assimilates ground-based GPS measurements
from the NOAA Global Systems Division GPS network
every 2 hr (Macpherson et al., 2008; Buehner et al., 2015;
Caron et al., 2015). Details on the GPS assimilation pro-
cedure can be found in Macpherson et al. (2008). RDPS

assimilates both the ZTD and the surface pressure mea-
surements from each station, including the Iqaluit station.
Assimilating ZTD from GPS improved the precipitation
forecasts for certain regions and lead times (Buehner
et al., 2015). Hydrometeor recycling is also performed in
RDPS (Buehner et al., 2015).

We use GEM–HRDPS specific humidity and IWV
variable output over the same time frame as the DIAL
measurements (September 2018–June 2020). The GEM–
HRDPS (henceforth just GEM) variables are retrieved on
the model native grid and then interpolated (by using
the nearest grid point) to the Iqaluit supersite’s latitude
and longitude. To minimize dependence from radioson-
des, which are assimilated at 0000 and 1200 UTC, we chose
to use the forecasts starting at 0600 UTC. Avoiding depen-
dence on the GPS assimilation was not possible since the
GPS measurements are assimilated for every forecast run.
To further mitigate any artefact from spin-up, we start
the time-series calculation from the sixth hour after the
0600 UTC initialization time (sixth hour “lead time”), such
that the time series is calculated in a 24 hr window from
1200 UTC to 1200 UTC the following day. The DIAL, GPS,
and ERA5 time series begin at the same time to avoid
differences due to the end points of the series.

In addition to the specific humidity and IWV variables,
we also use the geopotential height variable provided for
each model level to linearly interpolate the GEM spe-
cific humidity profiles to a standard altitude grid. The
standard grid is a 100 m resolution grid chosen to coin-
cide with the DIAL altitude grid. The standard model
pressure-level grid has a vertical resolution of 25 hPa in
the first 2 km; therefore, interpolation error is minimal.
Note that the IWV variable in GEM is not a prognos-
tic variable but is derived (and then integrated) from the
specific humidity profile. The IWV is provided as a stan-
dard output variable; therefore, we have not calculated it
separately.

2.4 ERA5

ERA5 is the most recent version of the European Centre
for Medium-Range Weather Forecasts reanalysis models
(Hersbach et al., 2020). ERA5 profiles are provided on 37
standard pressure levels from 1,000 hPa up to 1 hPa with
a vertical resolution of 25 hPa up to 100 hPa. ERA5’s hor-
izontal resolution was increased to 0.25◦ × 0.25◦ (approxi-
mately 28 km north–south and 13 km east–west at Iqaluit)
and uses a four-dimensional variational data assimila-
tion scheme with the IFS Cycle 41r2 forecast model. The
assimilation system uses 12-hourly windows from 0900
to 2100 UTC and then 2100 to 0900 UTC the next day.
ERA5’s land and ocean components are coupled to the
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6 HICKS-JALALI et al.

atmosphere. The technical details of the ERA5 physics and
assimilation scheme are discussed thoroughly in Hersbach
et al. (2020), in addition to a detailed list of the observations
used in the assimilation scheme.

Since ERA5’s release there have been several val-
idations of the humidity diurnal cycles. Most studies
have focused on the Tropics, where convection is the
strongest and a clear diurnal cycle can be observed (Chep-
fer et al., 2019; Xue et al., 2020; Lees et al., 2021). Xue
et al. (2020) and Lees et al. (2021) conducted comparisons
between ERA5 and IWV and upper tropospheric humid-
ity respectively. They found that ERA5 exhibited some
discrepancies between the model and observations with
regard to the IWV diurnal cycle and upper tropsospheric
humidity. The ERA5 model IWV diurnal cycle amplitudes
were underestimated with respect to the local GPS obser-
vations, and ERA5 had difficulty capturing night-time
maximums over the open ocean. Lees et al. (2021) observed
that ERA5 underestimated the diurnal amplitude of upper
tropospheric humidity.

In this study we use the hourly profile product on
pressure levels (Hersbach et al., 2018a) for the specific
humidity and geopotential profiles and the single-level
product for the IWV variable (Hersbach et al., 2018b).
The ERA5 diurnal cycles are calculated over the same
time periods as the DIAL cycles. We use the grid point
closest to the DIAL for comparison (63.5◦ N, 68.75◦ W).
ERA5 specific-humidity profiles from the hourly prod-
uct are used for the height-resolved cycles, whereas the
IWV cycles use the total column water vapour (“tcwv”)
variable. The relatively coarse vertical resolution of ERA5
in the boundary layer corresponds roughly to an altitude
resolution of 200 m. Hourly ERA5 geopotential profiles
were used to interpolate the specific humidity measure-
ments onto a standard altitude grid. The standard grid
was defined to minimize interpolation error across the sea-
sons and centred on the same bins as the DIAL and GEM
altitude grids.

3 THE DIURNAL CYCLE

A diurnal cycle can be calculated via two methods. The
first is by fitting a sinusoid to a time series via least-squares
fitting (e.g., Dai et al., 2002; Dai and Trenberth, 2004; Gal-
isteo et al., 2011; Jakobson et al., 2014). The second method
is to use fast-Fourier transforms to determine the phase
and amplitude of each harmonic or component in the
cycle (Soden, 2000; Tian et al., 2004; Hocke et al., 2017).
The second method either requires a continuous time
series with no breaks, or constructing a “composite day”. A
composite day method is necessary when measurements

of a specific location are inconsistently spaced (such as
with satellite measurements). The time series in this study
are sampled with high enough frequency that creating
a composite day is not necessary. The first methodology
enables direct comparisons with previous Arctic diurnal
cycle work, such as Dai et al. (2002), Jakobson et al. (2014),
and Hicks-Jalali et al. (2021). Hence, in this study we use
the first method and follow the least-squares fitting proce-
dure as in Dai et al. (2002). The diurnal cycle is represented
as a sinusoidal function of the form

I(t′) = I0 +
4∑

n=1
Sn(t′) + R, (3)

Sn(t′) = an cos(nt′) + bn sin(nt′). (4)

The water vapour time series It is the summation of
the daily average I0, residuals R, and the diurnal cycle
components Sn(t′). Dai et al. (2002) found that two major
components were present in their IWV time series across
North America, and subsequent studies have corroborated
their results. Hicks-Jalali et al. (2021) also found that the
third and fourth harmonics in the cycle were negligible at
Iqaluit. Therefore, n = 1, 2, where S1 is the 24-hr compo-
nent and S2 is the 12-hr component. The amplitude An and
phase 𝜙n for each harmonic are found via an and bn, using
the following relationships:

An =
√

a2
n + b2

n, (5)

𝜙n = tan−1
(

an

bn

)
. (6)

All diurnal cycles presented here are relative diurnal
cycles, or diurnal anomalies, where I0 has been subtracted
from the cycle. Subtracting the average removes any sys-
tematic biases between the models and the observations,
highlighting the diurnal behaviour.

4 RESULTS

As Iqaluit is relatively far north, we did not use conven-
tional seasonal definitions. We follow the same seasonal
definitions as described in Hicks-Jalali et al. (2021), where
summer is April–August (AMJJA), fall is in September
through October (SO), winter is November through Jan-
uary (NDJ), and the spring is February and March (FM).
These seasons correspond to the amount of short-wave
radiation received at Iqaluit throughout the year, which
directly influences the corresponding water-vapour cycle
(Semmler et al., 2005).
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HICKS-JALALI et al. 7

F I G U R E 1 The average seasonal water vapour content at Iqaluit, Nunavut. Top: Seasonal averages of specific humidity and their
standard deviation (shaded regions). Bottom: The number of hourly profiles used to calculate each average. Differential absorption lidar
(DIAL, black ×), Global Environmental Multiscale–High Resolution Deterministic Prediction System (GEM–HRDPS, green dots), and
European Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERA5, blue triangles) profiles are shown. AMJJA: April–August; SO:
September–October; NDJ: November–January; FM: February–March [Colour figure can be viewed at wileyonlinelibrary.com]

4.1 Seasonal comparisons

The seasonally averaged water vapour profiles for ERA5,
the DIAL, and GEM are presented in Figure 1 to pro-
vide environmental context and an evaluation of the
models on a seasonal scale. Seasonal averages are equiv-
alent to I0(z), Equation (3). ERA5 and GEM individual
hourly profiles are limited to the same altitude range
as the DIAL before averaging and then linearly interpo-
lated to a standard altitude grid of 100 m for GEM and
200 m resolution for ERA5. Note that the spike between
250 and 350 m in the DIAL average is due to the inter-
ference from the solar background in the overlap region
between the low-altitude channel and the high-altitude
channel (Mariani et al., 2021). Both models agree well
with the DIAL and are within the standard deviation of
each-other’s measurements for all seasons. There are small

biases between the models and the DIAL; however, they
are all well within the 1𝜎 variation of the water vapour
over each season. Above 2 km there are not enough mea-
surements to accurately calculate an average; therefore,
we have removed these data from the analysis.

Summer and fall exhibit similar average profiles of
2.0–3.0 g⋅kg−1 due to the summer profile including the
transition months (April and May) and a lag in water
vapour concentration decrease from August to September.
The standard deviation of the measurements decreases
with altitude from approximately 1.0 g⋅kg−1 at the surface
to 0.8 g⋅kg−1 at 1,800 m. During both seasons, there is a
slight dry bias in the DIAL with respect to the numerical
products of 0.25 g⋅kg−1 between 850 m and 1050 m, possi-
bly due to the rapid drop in coincident measurements. In
the summer above 1100 m, the DIAL is wet by 0.25 g⋅kg−1

with respect to both numerical products. This is a known
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8 HICKS-JALALI et al.

T A B L E 1 Seasonal averages of water vapour concentrations
(in millimetres) for European Centre for Medium-Range Weather
Forecasts Reanalysis v5 (ERA5), Global Environmental
Multiscale–High Resolution Deterministic Prediction System
(GEM–HRDPS), and Global Positioning System (GPS) integrated
water vapour (IWV). Averages are presented as the mean
plus/minus standard deviation of the IWV.

IWV seasonal average ±SD (mm)

Model Summer Fall Winter Spring

ERA5 10.48 ± 5.50 8.57 ± 3.84 3.02 ± 2.01 2.14 ± 1.01

GEM–
HRDPS

10.93 ± 5.80 8.94 ± 4.03 3.43 ± 2.18 2.23 ± 1.14

GPS 10.84 ± 5.20 8.98 ± 3.72 4.36 ± 1.65 3.75 ± 0.82

issue, due to an incorrect assumption in the spectral
width of the laser, which produces a systematic wet bias
of approximately 0.2 g⋅kg−1 (Mariani et al., 2021). The wet
bias appears higher in altitude in the fall at 1,750 m.

Water vapour concentrations drop significantly in the
winter to 0.8–0.9 g⋅kg−1, with standard deviations between
0.7 and 0.3 g⋅kg−1 (decreasing with altitude). Similar to
summer and fall, ERA5 is drier than the DIAL by approx-
imately 0.1–0.2 g⋅kg−1 above 1 km. In the winter, GEM
shows no dry bias relative to the DIAL until 1,750 m and
has a smaller bias than ERA5 in the spring. Both numeri-
cal products are dry by 0.05 g⋅kg−1 with respect to the DIAL
in the first 500 m in winter and spring.

ERA5 and GEM have excellent agreement with the
GPS IWV measurements in summer and fall (Table 1).
In the summer, the GPS measures a seasonal average of
10.84 mm and the ERA5 and GEM averages are within
−0.44 mm and +0.09 mm respectively. All datasets had
a standard deviation around 5 mm. The standard devia-
tion is largest in the summer because April and May have
smaller water vapour values than June through August,
thereby increasing the variability over the entire season.
In the fall, ERA5 again has a small dry bias with respect
to the GPS of −0.41 mm, whereas GEM has almost no bias
at −0.04 g⋅kg−1. ERA5 has a dry bias with respect to the
DIAL between 250 to 800 m (Figure 1), which is likely the
cause for the dry bias in IWV as GEM has no dry bias in
that region and almost no bias in IWV. Both models and
the GPS have standard deviations on the order of 4 mm.

In the winter and spring, both models have around
a 1 mm dry bias with respect to the GPS. Hicks-Jalali
et al. (2021) found that in the winter months the radioson-
des launched from Iqaluit have a similar dry bias with
respect to the GPS, and radiosondes are known to have a
dry bias at colder temperatures (Miloshevich et al., 2009;
Dirksen et al., 2014). It is likely that the dry bias in the
radiosondes affects the numerical products, as radiosondes

are one of the primary data sources assimilated for their
humidity profiles. Though we attempt to mitigate the
affect of the radiosonde in the GEM results by choosing
a lead time where they are not assimilated, there is some
memory in the model that may contribute; this is explored
in more detail in Section 4.4.

4.2 Height-resolved diurnal cycles

The height-resolved diurnal cycles were calculated by fit-
ting Equation (3) to the DIAL, ERA5, and GEM time series
for each altitude bin and season. The amplitude and phase
of each solution was then calculated using Equation (5)
and Equation (6) respectively. Figure 2 shows the total
diurnal cycle (S1 + S2) for each model and the DIAL, as
well as the R2 values for each fit as a function of alti-
tude. Since the daily average I0(z) has been subtracted
from the fit, this figure provides the relative change in the
water vapour concentration. Using relative cycles removes
the systematic biases discussed in Section 4.1. The grey/
masked region in the DIAL solutions represents the region
where there is a known internal instrumental diurnal cycle
(Mariani et al., 2020; Mariani et al., 2021); therefore, we
do not discuss the results from these altitudes. The time
axis starts at 1200 UTC due to the GEM cycle time series
starting at the 0600 UTC + 6 hr of lead time afterwards
(1200 UTC). The DIAL and ERA5 cycles were also calcu-
lated starting at 1200 UTC to eliminate any possible dis-
crepancy due to starting the diurnal fit at different times.
Note that Iqaluit is located at UTC−0500.

For all seasons, DIAL amplitudes corresponding to
lower R2 values (generally above 1 km) must be treated
with caution. Though some of the decrease in the fit may
be due to random effects in the time series, comparisons
with Jakobson et al. (2014) demonstrated that the sum-
mer cycle amplitudes and phases above 1 km (as below 1
km) are representative for the DIAL’s latitude (Hicks-Jalali
et al., 2021), increasing confidence in these observations
despite their lower R2 values.

As Iqaluit is still below the Arctic Circle (66◦ 33′48.9′′),
there are still 3 hr of twilight around the summer solstice
and around 6–10 hr of twilight and night-time in April,
May, and August. Therefore, a clear diurnal cycle is vis-
ible in both models and the DIAL during the summer.
The DIAL observes a peak in water vapour occurring at
2000 UTC (1500 h local time) in the first few hundred
metres that then shifts to 25/0100 UTC above 600 m alti-
tude as it is transported vertically. ERA5 and GEM also
reproduce maximums around 2000 UTC in the first few
hundred metres, which then gradually shift to later hours
at higher altitudes. GEM reproduces larger maxima than
the DIAL in the first few hundred meters by between 0.05
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HICKS-JALALI et al. 9

F I G U R E 2 Diurnal water-vapour cycle solutions and accompanying R2 values for the European Centre for Medium-Range Weather
Forecasts Reanalysis v5 (ERA5; column 1), differential absorption lidar (DIAL; column 2), and Global Environmental Multiscale–High
Resolution Deterministic Prediction System (GEM–HRDPS; column 3) for each season. Red colours (solid contours) represent increasing
water-vapour mixing ratios (MRs) and blue colours (dashed contours) represent decreasing water-vapour MRs. Summer cycles
(April–August, AMJJA) are shown in row 1, fall (September–October, SO) in row 2, winter (November–January, NDJ) in row 3, and spring
(February–March, FM) in row 4. The daily average water vapour profile I0(z) has been subtracted from each solution to show the relative
change in the MR (or diurnal anomaly). The DIAL’s grey region between 250 and 450 m corresponds to the region of unreliable fits due to the
known instrumental diurnal cycle and should be treated with caution. [Colour figure can be viewed at wileyonlinelibrary.com]
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10 HICKS-JALALI et al.

and 0.08 g⋅kg−1. GEM is able to reproduce the increase in
amplitude that the DIAL observes at 700 m of 0.15 g⋅kg−1;
however, it does not reproduce the increase in ampli-
tude above 1 km. Although ERA5 reproduces the overall
phase of the cycle, its amplitudes are generally smaller by
0.1 g⋅kg−1 for all altitudes, with larger biases above 1 km.

The maximum of the DIAL diurnal cycle shifts to ear-
lier in the day for the fall cycles for the first kilometre
from the surface, with similar amplitudes as the summer.
At 1 km there is an abrupt shift in the maximum’s phase
to 28/0400 UTC and a large increase in amplitude up to
0.2 g⋅kg−1. ERA5 is not able to reproduce the fall cycle with
the correct phase or magnitude until above 1 km. It has a
maximum of 0.05 g⋅kg−1 at 0000 UTC, almost out of phase
with the DIAL. GEM is able to reproduce a diurnal cycle
that agrees with the first 800 m of the DIAL observations,
albeit with a slightly larger amplitude of 0.15 g⋅kg−1. How-
ever, whereas the DIAL observes an abrupt shift in phase
at 1 km, the GEM maximum gradually shifts with altitude
to 0000 UTC at 1,400 m. At 1,400 m the DIAL and GEM
have maxima occurring at 1600–1700 UTC.

We note that numerical products tend to represent a
smoother vertical transition of the diurnal cycle than the
DIAL (in all seasons). This is expected due to their coarser
resolution and need to preserve physical coherence/nu-
merical stability through vertical levels. The abrupt shift
at 1,000–1,200 m in the DIAL vertical profile of the diur-
nal cycle in the fall is possibly associated with the shift
from the boundary layer to free troposphere (Hicks-Jalali
et al., 2021). This physically driven shift is, however, diffi-
cult to be depicted by the DIAL diurnal cycle fit (as shown
by lower values of the goodness-of-fit measure, R2), given
its variability (e.g., in altitude) during transition seasons
(such as fall). Overall more noisy data, with less perform-
ing fit, are expected from the DIAL (or any observation
source) than in numerical products, but still they might
better reflect real physical phenomena.

The winter and spring are extremely dry in Iqaluit,
making the diurnal cycles difficult to resolve and thus cre-
ating low R2 values, particularly for the DIAL. Similar to
the fall, the winter maxima below 200 m for both models
and the DIAL occurs around 1800 UTC. The time of the
maximum stays relatively constant with altitude, with the
exception of a slight shift to 2000 UTC between 400 and
1,250 m. Amplitudes are generally low, with a maximum
of 0.02 g⋅kg−1 up to 1,250 m, where the DIAL observes a
marked increase in amplitude up to 0.08 g⋅kg−1. There is
almost no diurnal cycle present in ERA5, which is also
12 hr out of phase with respect to the DIAL above 1 km.
GEM produces a slightly larger diurnal cycle than ERA5
and is slightly more in phase with the DIAL (in the first
kilometre). GEM’s maxima in the first 200 m are also larger
than the DIAL’s by 0.02 g⋅kg−1. GEM produces an increase

in amplitude above 1 km similar to the DIAL; however,
GEM and ERA5 phases are shifted by 12 hr (with respect
to the DIAL) at that altitude.

As the amount of daylight increases in the spring, the
DIAL’s lower-altitude maximum increases to 0.05 g⋅kg−1

and shifts to later in the day closer to 1900 UTC. How-
ever, above 400 m the DIAL observes a later maximum
at 0000 UTC, with a second maximum appearing at
1700 UTC above 600 m. The more complicated structure in
the cycle is due to the shift in phase of the S2 component
(as will be shown). ERA5 and GEM’s cycle are shifted later
by 2 hr compared with the DIAL near the surface, and nei-
ther model agrees with the DIAL’s cycle above 500 m (both
for phase and amplitude). Whereas ERA5’s cycle is of com-
parable amplitude to the DIAL between 150 and 300 m,
GEM’s amplitude is 40% more than that of the DIAL’s.

Figures 3 and 4 separate the total diurnal cycle into
their S1 and S2 components to further understand the
behaviour of the total cycle. Figure 3 shows the amplitudes
of the S1 (row 1) and S2 (row 2) components of ERA5,
the DIAL, and GEM for each season, and Figure 4 pro-
vides the phases. The shaded region around each ampli-
tude and phase profile is the standard deviation of the
amplitude and phase solutions. The standard deviation is
calculated by shifting the starting point of the time series
from 0000 UTC to 2400 UTC to provide a distribution of
solutions and examine the stability of the solutions. For
ERA5 and the DIAL, this represents the sensitivity of the
solutions to the edges of the time series. For GEM, it rep-
resents the stability of the solution with forecast lead time.
We will discuss the standard deviations for GEM in more
detail in Section 4.4.

The DIAL exhibits a clear correlation between ampli-
tude and the seasonal cycle in the S1 component, with
the largest amplitudes in the summer (0.15–0.25 g⋅kg−1)
and smallest in the winter (0.02–0.1 g⋅kg−1). The excep-
tion being between 450 m and 1 km, where the spring
amplitudes are smaller than the winter amplitudes. The
DIAL S2 component exhibits a weaker correlation with
the solar cycle, although the summer and fall cycle ampli-
tudes are generally larger than the winter and spring cycles
above 500 m, and the winter cycle has the lowest ampli-
tudes for most altitudes. The S2 amplitudes are smaller
than the S1 amplitudes. The DIAL amplitudes in both S1
and S2 components increase gradually with altitude, with
the S2 increasing faster than the S1. The standard devi-
ations of the DIAL amplitudes are small for all altitudes
and seasons; therefore, the DIAL solutions are stable in
amplitude.

Unlike the DIAL, ERA5 and GEM’s amplitudes do not
increase with altitude and are instead fairly constant or
exhibit a decrease with altitude (e.g., for GEM’s S1 ampli-
tudes, for fall winter and spring). GEM’s S1 amplitudes
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HICKS-JALALI et al. 11

F I G U R E 3 Diurnal water-vapour mixing ratio cycle amplitudes for European Centre for Medium-Range Weather Forecasts Reanalysis
v5 (ERA5; column 1), differential absorption lidar (DIAL; column 2), and Global Environmental Multiscale–High Resolution Deterministic
Prediction System (GEM-HRDPS; column 3). Rows 1 and 2 are the S1 and S2 amplitudes respectively. Similar to Figure 2, the greyed region
represents the altitudes where there is an instrumental diurnal cycle and the DIAL fits are treated with caution. Summer (April–August, yellow
circles), fall (September–October, red dots), winter (November–January, blue triangles), and spring (February–March, green stars) are shown.
The standard deviation of the amplitude is the shaded region around each profile. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 4 Same as Figure 3, but for the diurnal cycle’s phase. Phases are calculated as the time, in hours, of the first maximum. The
S1 phases are continued past 24 hr (and S2 past 12 hr) to better visualize the change in phase. [Colour figure can be viewed at
wileyonlinelibrary.com]
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12 HICKS-JALALI et al.

exhibit a clear seasonal cycle with summer amplitudes
between 0.1 and 0.2 g⋅kg−1 and winter amplitudes between
0.003 and 0.02 g⋅kg−1. The standard deviation of the GEM
amplitudes is larger than the DIAL’s, particularly in the
winter and spring when the water vapour concentrations
are low. The winter S1 and S2, as well as the spring S2,
shading continues out of bounds of the figure due to the
log scaling. The shading encompasses values close to zero,
which are not shown here. ERA5 S1 amplitudes are also
correlated with the season; however, the spring amplitudes
are larger than the fall amplitudes in the first 600 m. The
standard deviations of the ERA5 amplitudes are also small,
except in the fall. The larger standard deviation in ampli-
tude in the fall may explain why ERA5’s diurnal cycle does
not resemble the DIAL or GEM’s cycle in Figure 2. Both
numerical products’ S2 amplitudes are an order of magni-
tude smaller than their S1 amplitudes. Unlike the DIAL
S2 components, the ERA5 and GEM S2 components are
more correlated with season, with the exception of the
first 400 m.

The phases of the individual diurnal cycle compo-
nents are shown in Figure 4. Here, we show the phases
as the hour (UTC) at which the first maximum occurs.
For visualization purposes, the S1 phases are continued
past 24 hr. The GEM fall S2 phase is also wrapped around
12 hr. The phase of the DIAL S1 component is subject to a
solar cycle in the first 200 m. In the summer, the maximum
occurs at 2000 UTC and gradually moves towards earlier
in the day at 1600 UTC in the winter. However, the S2 com-
ponent does not seem to be subject to a solar cycle at those
altitudes and is, for the most part, constant with altitude.
Above 500 m, almost all seasons shift by 5–10 hr from their
surface phases. Above 1 km, all seasons either reach a con-
stant phase with altitude (summer and fall) or shift back
towards their surface values (winter and spring). The stan-
dard deviation of the DIAL phases are less than an hour in
both S1 and S2, suggesting that the DIAL solutions are also
stable in phase.

ERA5 phases are shifted with respect to the DIAL’s.
The summer, winter, and spring S1 phases are 2-4 hr later
than the DIAL phases, and the ERA5 fall is completely out
of phase with the DIAL by 15 hr, resulting in the disagree-
ment seen in Figure 2. Unlike the DIAL S2 components,
which are constant with altitude, ERA5 S2 phases start ear-
lier than the DIAL at lower altitudes and gradually shift to
later in the day. Although they are biased with respect to
the DIAL, the solutions are relatively stable with standard
deviations around 1 hr.

GEM produces S1 phases that are close to the DIAL’s
in the first few hundred metres in the summer and fall,
but the winter and spring maxima occur later by 3–4 hr.
Although the GEM S1 phases do shift towards later hours
at higher altitudes, as the DIAL does, the GEM solutions

shift more smoothly, and sometimes they reach the same
phase as the DIAL at a higher altitude. For example, in the
summer, the DIAL abruptly changes phase from 1700 UTC
to 0200 UTC at 500 m, but the GEM S1 cycle gradually
shifts the phase to later in the day/early morning and
reaches the 0200 UTC phase at 1,000 m. The GEM S1 is
out of phase with the DIAL in two altitude regions: above
1 km in the winter and between 800 and 1,200 m in the
spring. The sizes of the GEM phase standard deviations
are sensitive to low water vapour concentrations. In the
spring, summer, and fall (larger water-vapour concentra-
tions) the standard deviation values are small, but they
gradually increase with altitude as the water vapour con-
centrations decrease. In the winter, when concentrations
are small, the standard deviation values are larger (3–5 hr)
throughout the profile.

The GEM S2 phases shift smoothly with altitude and
are not constant like the DIAL S2 phases, with the excep-
tion of the winter. Whereas the summer GEM S2 phase
agrees well with the DIAL, the winter is shifted by roughly
3 hr for almost the entire altitude range. The GEM spring
S2 agrees well above 750 m but is shifted below by 2 hr.
Finally, the fall S2 agrees well below 500 m but quickly
shifts out of phase above 500 m.

4.3 Total column diurnal cycles

The total column diurnal cycles in ERA5 and GEM were
examined and evaluated against the GPS IWV measure-
ments. As with the height-resolved cycles, the GPS, ERA5,
and GEM IWV diurnal cycles are calculated by fitting
Equation (3) to their respective IWV time series. Figure 5
shows the diurnal cycles for ERA5, the GPS, and GEM, by
season, and Tables 2 and 3 list the corresponding ampli-
tudes and phases of the S1 and S2 fitted components. As
with the height-resolved cycles, the comparison starts at
1200 UTC.

In some seasons, a discontinuity can be seen in each
of the models (2400 UTC for ERA5, 36/1200 UTC for
GEM) and the GPS time series (29/0500 UTC). The mech-
anism of the GPS discontinuity is discussed in Section 2.
ERA5 is also known to have discontinuities in the sur-
face temperature and humidity diurnal cycles (Hersbach
et al., 2018a), which may also contribute to the ERA5
discontinuity in IWV. The different timing of the discon-
tinuities is due to averaging the hourly bins and the times
that were chosen to complete each dataset’s analysis. The
GPS measurement solutions are calculated over 24 hr in
local time (Hicks-Jalali et al., 2021) and then shifted back
to UTC, producing a discontinuity at 29/0500 UTC (since
Iqaluit is at UTC−0500). The discontinuity in the GEM
cycles at 36/1200 UTC is due to starting the time series
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HICKS-JALALI et al. 13

F I G U R E 5 Diurnal integrated water vapour (IWV) cycles and solutions for European Centre for Medium-Range Weather Forecasts
Reanalysis v5 (ERA5; column 1), Global Positioning System (GPS; column 2), and Global Environmental Multiscale–High Resolution
Deterministic Prediction System (GEM–HRDPS; column 3). The total fit (S1 + S2; black, solid), S1 component (red, dot-dashed), S2

component (blue, dashed), and the hourly measurements (black ×) are shown. Note the change in scale of the y-axis for each row. Rows are
divided seasonally, with row 1 as the summer analysis (April–August, AMJJA), row 2 for fall (September–October, SO), row 3 for winter
(November–January, NJD), and row 4 for the spring (February–March, FM). [Colour figure can be viewed at wileyonlinelibrary.com]

hourly averaging at 1200 UTC. The ERA5 hourly average
is calculated from 0000 to 2400 UTC, hence the disconti-
nuity occurs at 2400 UTC. Though these discontinuities
are unfortunate, and they can be mitigated with different
averaging techniques (in the case of the GPS), they are
known artefacts of the datasets and cannot be completely
removed.

When comparing the GPS and GEM IWV cycles, we
must also consider the slight interdependence of the
results. As GEM assimilates GPS ZTDs and the GPS IWV
values are derived from the same measurements, the GEM
and GPS IWV values may have some dependence. How-
ever, the degree to which the GPS and GEM cycles dis-
agree across all seasons suggests that the dependence on
each other is minimal and does not affect the results sig-
nificantly. Additionally, the GEM and ERA5 (where no
GPS values are assimilated) IWV results show very similar

behaviour, suggesting that the GPS influence on the GEM
IWV cycle is minimal.

During the summer, all three datasets’ diurnal cycles
are primarily driven by the S1 component. Though the
GPS cycle is primarily driven by the S1 component, it
has a significant contribution from the S2 component as
well. The extended peak is due to the constructive interfer-
ence between the two components and their slight offset
in phase. The ERA5 summer IWV total cycle is almost
entirely driven by the S1 component, which is slightly
larger in amplitude than the GPS by 0.08 mm (Table 2).
The S1 component also peaks 2 hr later than the GPS S1
component (Table 3). GEM also produces a larger S1 com-
ponent (0.31 mm) relative to the S2, although its S2 cycle
is of similar magnitude to the GPS’s (0.06 mm). GEM pro-
duces both S1 and S2 maxima roughly 1 hr later than the
GPS observations.
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14 HICKS-JALALI et al.

T A B L E 2 Integrated water vapour (IWV) amplitudes (by
diurnal component) for the European Centre for Medium-Range
Weather Forecasts Reanalysis v5 (ERA5), the Global Positioning
System (GPS), and the Global Environmental Multiscale–High
Resolution Deterministic Prediction System (GEM–HRDPS) for
each season.

IWV amplitudes (mm)
Summer
(AMJJA)

Fall
(SO)

Winter
(NDJ)

Spring
(FM)

S1 GPS 0.10 0.10 0.04 0.05

ERA5 0.18 0.02 0.02 0.03

GEM–HRDPS 0.31 0.07 0.02 0.05

S2 GPS 0.04 0.11 0.04 0.05

ERA5 0.01 0.05 0.01 0.01

GEM–HRDPS 0.06 0.06 0.02 0.01

Note: AMJJA: April–August; SO: September–October; NDJ:
November–January; FM: February–March.

T A B L E 3 Integrated water vapour (IWV) phases (by diurnal
component) for the European Centre for Medium-Range Weather
Forecasts Reanalysis v5 (ERA5), the Global Positioning System
(GPS), and the Global Environmental Multiscale–High Resolution
Deterministic Prediction System (GEM–HRDPS) for each season.
Phases are calculated as the time, in hours, of the first maximum in
UTC time.

IWV phases (hr)
Summer
(AMJJA)

Fall
(SO)

Winter
(NDJ)

Spring
(FM)

S1 GPS 22.59 6.83 2.54 23.69

ERA5 0.01 6.17 5.49 20.85

GEM–HRDPS 0.34 20.52 3.63 21.73

S2 GPS 6.92 6.93 6.85 6.76

ERA5 9.67 1.36 9.96 1.20

GEM–HRDPS 7.98 1.42 8.67 5.19

Note: AMJJA: April–August; SO: September–October; NDJ:
November–January; FM: February–March.

The fall cycles have a larger contribution from the S2
component in both numerical products and in the GPS.
The GPS S2 amplitude increases to the same magnitude
as the S1, and the superposition of the two components
creates the largest maximum at 31/0700 UTC. The GPS
and ERA5 measurements have larger discontinuities in
the fall due to the rapid decrease in water vapour per day
(Hicks-Jalali et al., 2021). ERA5 has almost no S1 compo-
nent during the fall, and though the GEM S1 amplitude is
larger than ERA5’s it is still smaller than the GPS ampli-
tude. The ERA5 and GPS S1 components peak earlier than
the GEM S1 maximum by 14 hr. The ERA5 and GEM S2

components are half that of the GPS S2 amplitude and
they are both off-phase by more than 5 hr with respect to
the GPS.

Winter IWV cycles are equally influenced by both
components. Both ERA5 and GEM have similar cycles in
amplitude (0.02 mm for S1 and S2) and phase (0400–0500
UTC for S1 and 0800–0900 UTC for S2). On the other
hand, the GPS cycles are slightly larger, as was observed
in the DIAL’s height-resolved cycles. The ERA5 S1 max-
ima occurs 3 hr later than the GPS maxima, whereas the
GEM S1 maxima occurs 1 hr later than the GPS maxima.
The GPS S2 maxima occur earlier than either ERA5 or
GEM by about 2–3 hr. In the spring, both numerical prod-
ucts reproduce the increase in the S1 component; however,
only GEM reproduces it at the same magnitude as the GPS
(0.05 mm). ERA5 produces the S1 peak 3 hr earlier than
the GPS, and 2 hr earlier than GEM. The most significant
difference between the numerical products and the GPS in
this season is that the magnitude of the S2 component is
five times larger for the GPS than the models. The ERA5 S2
component is 5 hr 30 min earlier than the GPS component,
whereas GEM is 1 hr 30 min earlier.

4.4 Lead-time dependence

In this section we present the stability of the diurnal
water-vapour cycle with respect to the starting point of the
time series for the ERA5 and DIAL measurements. For the
GEM model, we analyse the sensitivity of the water-vapour
cycle as the lead time of the forecast solution is gradually
increased (whereas ERA5 and the DIAL do not have lead
times). To examine the stability of the diurnal cycle solu-
tions, we shifted the starting points of ERA5’s and DIAL’s
time series for each hour such that the time series were
calculated by taking the 24 hr from 0000 UTC, 0100 UTC,
0200 UTC, up to 2400 UTC and recalculating the diur-
nal cycle solution for each shifted time series. In GEM’s
case we always consider forecasts with initialization time
at 0600 UTC; the first calculation will use lead times from
initialization through the 24 hr forecast, then the 1 hr fore-
cast lead time through the 25 hr forecast lead time, and so
on until the 24 hr forecast through the 48 hr forecast. When
discussing GEM we will use the term “lead time”, whereas
we will use “starting point of the time series” with ERA5,
the DIAL, and the GPS, as they do not have lead times.

We analyse the effects of changing the starting point
of the time series (for ERA5 and the DIAL) and gradually
increasing the lead time (for GEM) on the biases of the
amplitude and phase of the water vapour diurnal cycle, as
fitted by Equation (3). We found no systematic features in
the bias for a specific lead time, indicating that no partic-
ular lead time in GEM was better than the others for the

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4520 by G
erm

an M
eteorological Service, W

iley O
nline L

ibrary on [06/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



HICKS-JALALI et al. 15

F I G U R E 6 Height-resolved average amplitude biases (solid line) and the standard deviation of the bias (shaded area) between each
dataset separated by the season and diurnal cycle component. Biases are represented as follows: ERA5-DIAL in blue stars, GEM-ERA5 in
green triangles, and GEM-DIAL with red x’s. [Colour figure can be viewed at wileyonlinelibrary.com]

height-resolved cycles and that the DIAL and ERA5 time
series were not sensitive to the starting point of the time
series.

The average bias of the diurnal cycle amplitude, aver-
aged over the 24 solutions found when changing the start-
ing point of the time series (and lead time for GEM),
and the corresponding standard deviations are shown in
Figure 6. The standard deviations of the solutions were
presented in Figures 3 and 4. Small standard deviations in
the bias indicate a stable solution that does not vary sig-
nificantly with lead time/starting point of the time series.
The points between 250 m and 450 m have been removed
in the bias calculations with respect to the DIAL due to the
known internal cycle in the DIAL.

GEM S1 amplitudes are consistently larger than the
DIAL’s in the first 200 m by 0.02–0.05 g⋅kg−1 for every sea-
son. As the altitude increases, GEM S1 bias is increasingly
negative compared to the DIAL’s S1 amplitude. This is
because the DIAL’s S1 amplitude tends to increase with
altitude, while the GEM’s either decrease or remain the
same. The standard deviation of the GEM − DIAL bias is
small, between 0.02 and 0.003 g⋅kg−1 (5–45% of the corre-
sponding seasonal diurnal amplitude) depending on the
season and altitude. ERA5 − DIAL S1 amplitude biases
vary by season in the first 200 m (blue solid line in Figure 6)

but overall agree well with the DIAL. ERA5 − DIAL S1
amplitude bias behaves similarly to the GEM − DIAL bias
(decreasing with altitude) and is more negative than the
GEM − DIAL bias in summer and spring. The standard
deviation of the ERA5 − DIAL bias is also small, on the
order of 0.01–0.02 g⋅kg−1. The region between 450 m and
1 km is where the best agreement of the numerical prod-
ucts with the DIAL occurs, particularly for GEM. There
is worse agreement close to the surface and above the
planetary boundary layer.

In the summer and spring, GEM S1 amplitudes
are consistently larger than ERA5’s by 0.05 g⋅kg−1,
whereas amplitudes are similar in the winter. In the fall,
GEM − ERA5 amplitude bias is positive for lower altitudes
and then it becomes neutral above 700 m. The standard
deviation of the bias is generally larger between GEM and
ERA5 than between the numerical products and the DIAL.

Whereas the S1 amplitude biases between the numer-
ical products and the DIAL varied with season, the S2
amplitude biases did not. As seen in Figure 3, the ERA5
and GEM S2 amplitudes are smaller than the DIAL S2
amplitudes, and their difference increases with altitude.
The best agreement between the DIAL and the models is
in the first 200 m, where the amplitudes are similar. How-
ever, this is because the S2 amplitude is almost negligible at
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16 HICKS-JALALI et al.

F I G U R E 7 Same as Figure 6, except for diurnal cycle phase. [Colour figure can be viewed at wileyonlinelibrary.com]

those altitudes. As the S2 amplitude increases with altitude
and becomes more prominent above 1 km, the discrepancy
between the numerical products and the DIAL worsens
and the amplitude differences between them increases.
The standard deviation of the S2 amplitude biases is fairly
constant with season and altitude, around 0.005 g⋅kg−1.
The GEM − ERA5 S2 amplitude bias is almost neutral
(slightly positive), for all seasons and altitudes, and again
exhibits a larger standard deviation than the bias of the
numerical products against the DIAL. The larger standard
deviation of the GEM − ERA5 bias is due to the larger stan-
dard deviation of the GEM solutions compared with ERA5.
Their almost zero bias between the two numerical prod-
ucts suggests that the models both have a difficult time
reproducing the S2 component.

Figure 7 is calculated in the same manner as Figure 6,
but for the phases. The phase bias is calculated in hours.
Similar to the amplitude biases, for S1 we see the best
agreement between the DIAL and GEM in the first 200 m,
with biases ranging from 0 to 5 hr and standard deviations
of the bias on the order of 0.5 to 1 hr. The GEM − DIAL
S1 phase solutions are most stable in the summer and fall,
with very small standard deviations, whereas they exhibit a
large spread in winter (same as the GEM − ERA5 S1 bias).
The GEM − DIAL biases switch with altitude between pos-
itive and negative values in summer and fall, whereas
spring is dominated by a negative bias (GEM maximum

occurs earlier than in the DIAL). Winter S1 GEM phase
solutions were highly sensitive to lead time. This was likely
due to the low concentrations of water vapour, which made
fitting difficult. Additionally, the models have difficulty
replicating the diurnal cycle phase above 1 km in the win-
ter (as seen in Figure 7), which likely contributes to the
higher standard deviations between the GEM and DIAL
above 1 km. The ERA5 − DIAL winter phase biases, on the
other hand, were not sensitive to the time-series shift.

The S2 phases show the best agreement between DIAL
and the numerical products in summer and the worst
agreement in winter. In the shoulder seasons (spring and
fall) the S2 phase bias is positive for all comparisons, indi-
cating that the ERA5 peak occurs later than the DIAL
(blue), that the GEM peak occurs later than in ERA5
(green), and that the GEM peak occurs later than in the
DIAL (red). The standard deviations of the S2 GEM −
DIAL and GEM − ERA5 biases increase with altitude,
except in the winter, likely due to the smaller water vapour
concentrations above the boundary layer.

Similar to the height-resolved cycles, we evaluated
model IWV diurnal cycles biases for their dependence on
lead time and starting hour of the time series. Results for
the amplitude biases are presented in Table 4 for each sea-
son. In the summer, the GEM model has a significant pos-
itive bias with respect to both the GPS and ERA5, whereas
the ERA5 − GPS bias is small. The larger positive bias from
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HICKS-JALALI et al. 17

T A B L E 4 Average Integrated water vapour (IWV) amplitude bias and standard deviation with changing lead time.

IWV amplitude bias ± SD (mm)

Summer (AMJJA) Fall (SO) Winter (NDJ) Spring (FM)

S1 ERA5−GPS 0.083 ± 0.008 −0.042 ± 0.025 −0.014 ± 0.001 −0.017 ± 0.004

GEM−GPS 0.198 ± 0.062 −0.038 ± 0.015 −0.018 ± 0.003 0.003 ± 0.003

GEM−ERA5 0.115 ± 0.055 0.004 ± 0.031 −0.004 ± 0.004 0.020 ± 0.005

S2 ERA5−GPS −0.033 ± 0.003 −0.057 ± 0.010 −0.030 ± 0.001 −0.044 ± 0.002

GEM−GPS 0.006 ± 0.018 −0.053 ± 0.011 −0.030 ± 0.005 −0.043 ± 0.003

GEM−ERA5 0.039 ± 0.018 0.004 ± 0.010 0.000 ± 0.005 0.001 ± 0.004

Note: AMJJA: April–August; SO: September–October; NDJ: November–January; FM: February–March.

T A B L E 5 Average phase bias and standard deviation with changing lead time in hours UTC time.

IWV phase bias ± SD (hr)

Summer (AMJJA) Fall (SO) Winter (NDJ) Spring (FM)

S1 ERA5−GPS 1.197 ± 0.154 −1.179 ± 1.673 2.804 ± 0.183 −2.518 ± 0.383

GEM−GPS 0.801 ± 0.584 -8.835 ± 1.709 2.521 ± 2.766 −0.903 ± 0.960

GEM−ERA5 −0.396 ± 0.446 −2.856 ± 7.198 −0.283 ± 2.942 1.615 ± 0.804

S2 ERA5-GPS −0.208 ± 4.376 −6.039 ± 0.451 3.117 ± 0.093 −5.856 ± 0.454

GEM−GPS 0.034 ± 3.525 −5.884 ± 0.419 2.036 ± 0.575 −0.711 ± 3.273

GEM−ERA5 0.242 ± 4.095 0.155 ± 0.148 −1.081 ± 0.633 5.145 ± 3.234

Note: AMJJA: April–August; SO: September–October; NDJ: November–January; FM: February–March.

GEM is likely due to an assimilation effect, which also
contributes to the larger standard deviations and sensitiv-
ity to lead time. In the fall, the GEM bias with respect to
GPS improves, but the standard deviation remains slightly
high. In the fall, the ERA5 and GEM biases with respect to
the GPS are similar in magnitude and indicate an under-
prediction of the amplitude of the numerical products.

In the winter, both ERA5 and GEM had average S1
amplitude biases lower than the GPS and both biases were
stable with respect to the diurnal cycle initial hour. GEM
and ERA5 solutions were similar with respect to each
other, with a small average bias of −0.004 mm. In the
spring, ERA5 had an overall negative bias with respect to
the GPS, and the solution had little dependence on the
starting point of the time series. GEM agreed well with
the GPS with an equally small standard deviation in the
bias. As expected, GEM − ERA5 S1 amplitude exhibits a
positive bias of 0.02 mm.

The S2 IWV amplitude biases for the summer behave
differently than in the other seasons. In the summer,
ERA5 underestimate the amplitude with respect to GPS
(by 0.033 mm), whereas GEM slightly overestimates it (by
0.006 mm). As expected, the difference between GEM and
ERA is of 0.039 mm. The spread of the biases when com-
paring GEM with either GPS or ERA5 is significantly

larger than when comparing GPS versus ERA5, suggest-
ing once again (as for S1) a stronger sensitivity to the
GEM lead time than to the GPS and ERA5 initial hour for
the time-series fit. In fall, winter, and spring, both GEM
and ERA5 underestimate the S2 amplitude (by 0.05 mm,
0.03 mm, and 0.04 mm respectively) with respect to the
GPS. As expected, the GEM − ERA5 bias is almost null in
these seasons. The spread for these seasons shows stability
in the results.

The average IWV biases in phase and their standard
deviations are presented in Table 5. With the exception of
the fall GEM solution, ERA5 and GEM in general repro-
duce the S1 phase within 1–3 hr of the GPS S1 phase. The
standard deviation of the biases varies somewhat more
with the season, being stable in the summer (0.15–0.58 hr)
and less stable in the fall and winter. Though the ERA5
and the GPS S1 phases agree well in the fall, the GEM S1
arrives almost 9 hr earlier. The high standard deviation in
the fall biases is likely caused by the larger discontinuity
in the ERA5 and GPS solutions and the steep decrease in
water vapour over the season. In the winter, ERA5 and
GEM exhibit similar average phase biases, but GEM’s vari-
ation in the bias is much larger due to the large variability
in the specific humidity height-resolved winter solutions.
However, the spring GEM bias (−0.9 hr) and variability in
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18 HICKS-JALALI et al.

the bias (−0.96 hr) improve as the water vapour concentra-
tions increase.

The S2 phase biases and their stability vary more with
season compared with the S1 phase solutions. In the sum-
mer, both ERA5 and GEM have small average phase biases
with respect to the GPS, but their standard deviations are
large (4 hr). The S2 IWV amplitudes are at least half the
size of the S1 amplitudes in the summer. Their effect on
the overall cycle is minimal; therefore, they are more sensi-
tive to changes in the starting point of the time series. The
opposite occurs in the fall, where both the GEM and ERA5
S2 components have a large bias (−6 hr) yet small standard
deviation (0.4 hr), suggesting that their solutions are sta-
ble with respect to the GPS and consistent across all lead
times. In the winter, both ERA5 and GEM have similar S2
phase biases with respect to the GPS, but the standard devi-
ation of their biases are relatively small. Lastly, the spring
average S2 phase bias improved for GEM (−0.711 hr) but
increased for ERA5 (−5.856 hr). However, the GEM − GPS
and GEM − ERA5 biases are less stable, likely due to the
larger standard deviation in the higher altitudes of the
GEM height-resolved cycles.

5 SUMMARY AND DISCUSSION

5.1 Connecting the height-resolved
and IWV cycles

Both ERA5 and GEM numerical products agreed well with
the DIAL and GPS seasonally. As expected, the summer
months had the largest average water vapour concentra-
tions (around 3 g⋅kg−1), and spring was the driest season
(between 0.5 and 0.7 g⋅kg−1). Both models also accurately
reproduced (with respect to the DIAL, Figure 1) the vari-
ability in the water-vapour profiles at all altitudes. The
GEM and ERA5 seasonal IWV averages all agreed with the
GPS averages within their respective standard deviations,
except for a small 1 mm bias in the winter and spring. This
bias is likely caused by the assimilation of radiosondes,
which are known to have a dry bias in cold temperatures
(Miloshevich et al., 2009; Dirksen et al., 2014). The average
specific humidity profiles in this study are consistent with
others conducted at similar latitudes (Serreze et al., 1995;
Jakobson and Vihma, 2010; Graham et al., 2019).

Graham et al. (2019) compared ERA5 with 27 inde-
pendent radiosonde measurements over the Greenland
Sea and showed that ERA5 was consistently within
±0.15 g⋅kg−1 of the radiosondes, with the sign depend-
ing on the altitude. We observed slight biases of less
than 0.25 g⋅kg−1 between the DIAL and both numerical
products, mostly due to sampling differences. Mariani
et al. (2021) evaluated GEM at Iqaluit using measurements

from September 2018 to August 2019 and found a mean
bias of −0.16±0.02 g⋅kg−1 (GEM − DIAL) for the entire
year. In this study, we expanded the analysis in Mariani
et al. (2021) to include measurements from January to June
2020 and found a similar mean bias of−0.13 ± 0.44 g⋅kg−1.
Note that in our study we use the average bias plus/mi-
nus the standard deviation of the bias, whereas Mariani
et al. (2021) used the standard deviation of the mean. Mar-
iani et al. (2021) also found that GEM has a slight moist
bias around 150 m.

ERA5 and GEM produced mixed results when eval-
uated at the diurnal time-scale (Figure 2), varying with
season and altitude. In general, the DIAL and ERA5
diurnal-cycle solutions were stable and showed very little
variation when the starting point of their time series was
changed (Figures 3,4,6, and 7). The GEM model solutions
were more sensitive to decreasing water vapour concen-
trations, with low standard deviations in their solutions
below 1 km and in the summer and fall, but the variability
increased in the winter and spring and above 1 km for all
seasons.

In the summer, ERA5 is able to reproduce the over-
all phase of the diurnal specific-humidity cycle, but it
lacks the structure and amplitudes observed by the DIAL
measurements. The structure observed in the total diur-
nal cycle in the DIAL is due to the influence of the S2
component (Hicks-Jalali et al., 2021), which is an order of
magnitude smaller in ERA5 than in the DIAL. The ERA5
summer S1 amplitudes are smaller by 0.1 g⋅kg−1 for all
altitudes. Thus, the combination of smaller diurnal ampli-
tudes in both S1 and S2 and the lack of variability in phase
in both components creates a smaller ERA5 IWV diurnal
cycle with a broader maximum compared with the DIAL.
Similar to ERA5, GEM lacks the structure and variability of
the DIAL cycle in the summer, but it is better able to repro-
duce the magnitude of the diurnal height-resolved cycle
than ERA5 is. However, GEM produces larger S1 ampli-
tudes than DIAL by 0.06 g⋅kg−1 at 150 m. Additionally,
above 1 km the GEM S2 component is an order of mag-
nitude smaller than the DIAL S2 amplitude and is out of
phase; consequently, it does not reproduce the interaction
between the S1 and S2 components to create the increase
in total diurnal amplitude observed by the DIAL.

Hicks-Jalali et al. (2021) found that the DIAL’s
height-resolved and GPS’s IWV diurnal cycles corrobo-
rated each other in phase, which we also find to be true
in ERA5 and GEM and their corresponding IWV cycles.
The summer ERA5 IWV cycle has a prominent S1 com-
ponent and almost no S2 component. The ERA5 S1 IWV
component is also larger than the GPS S1 component
by 0.08 mm. The GEM total IWV diurnal cycle is also
dominated by the S1 component, although the S2 compo-
nent is of similar magnitude to the GPS S2 amplitude. The
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HICKS-JALALI et al. 19

lack of S2 component in the ERA5 IWV diurnal cycle is
consistent with the very small S2 component present in
the height-resolved cycles.

The larger S1 amplitude in ERA5 suggests that ERA5
expects a larger diurnal cycle than what the GPS mea-
sures; however, the height-resolved diurnal cycles were
smaller in amplitude than in the DIAL. One possibility
for the discrepancy is the unfortunate coincidence that the
ERA5 IWV cycle maximum occurs at the same time as
the discontinuity in the ERA5 cycle; thus, this maximum
may have been artificially increased. It is also possible that
the DIAL amplitudes above 1 km are overestimated. The
R2 values in that region are low; however, Hicks-Jalali
et al. (2021) found that the summer amplitudes at those
altitudes were in agreement with Jakobson et al. (2014).
Hicks-Jalali et al. (2021) also compared the summer GPS
cycles with the Jakobson et al. (2009) GPS diurnal cycles
and found that although the Iqaluit GPS diurnal cycles
were on the low end of the distribution they still agreed
with the Jakobson et al. (2009) observations. The bias in
ERA5’s IWV amplitude could be related to an overestima-
tion of evapotranspiration at Iqaluit.

The GEM IWV S1 amplitude also exhibited a large aver-
age bias (0.2 mm) with respect to the GPS S1 component
(Table 4). This positive bias in the IWV S1 component in
GEM is corroborated by the corresponding positive bias
in the height-resolved S1 component in the first 200 m in
the DIAL observations and is likely due to the assimilation
of the GPS ZTD measurements at the 0600 UTC initial-
ization time. During the summer, the assimilation effect
was larger than the other seasons and persisted to the
sixth hour lead time. At later lead times the bias between
GEM and the GPS decreased (later lead times exhibited
decreased bias between GEM and GPS; not shown). The
large change in the bias with lead time was apparent in the
larger standard deviation of the GEM − GPS bias shown
in Table 4. The larger amplitudes in the first few hun-
dred metres of the height-resolved cycles are likely affected
by the ZTD assimilation as well, because the hydromet-
ric component of the ZTD is dominated by boundary-layer
water vapour. Another possibility is that the GEM
model also overestimates the evapotranspiration rate for
Iqaluit.

In the fall, ERA5 has almost no diurnal cycle present
due to extremely small amplitudes in both S1 and S2 com-
ponents at all altitudes. The DIAL total diurnal cycle is
driven by the S1 component for the first 1 km. Above 1 km
the DIAL has a large diurnal maximum that is created via
the superposition of the S1 and S2 components. Though
GEM correctly reproduces the S1 phase below 1 km, the S2
component phase is too early and is an order of magnitude
smaller than the DIAL S2 amplitude, such that it cannot
create the same intense maximum above 1 km.

The fall GPS IWV cycles are clearly influenced by the
S2 component; however, the DIAL height-resolved cycles
are primarily driven by the S1 component up to 1 km. We
can examine how the height-resolved cycles influence the
total IWV cycle by looking at the similarities in phase
between the two cycles. The GPS IWV maxima correspond
to the maximum from 100 m to 1 km in the DIAL and the
30/0600 UTC maximum above 1 km. Both the GEM S1 and
S2 IWV amplitudes are smaller in magnitude than the GPS
IWV amplitudes, thus creating a smaller total cycle than
the GPS cycle. The GEM IWV total cycle is mostly charac-
terized by the increased S2 amplitude (0.05 mm). As with
the DIAL and GPS cycles, the GEM S2 IWV phase corre-
sponds with the GEM S2 phase at 1,400 m, with a slight
offset of 1 hr. The phase differences between the GEM
components and the DIAL components above 1 km appear
to have a significant effect on their respective total IWV
diurnal cycles. The GEM IWV maxima of the total diur-
nal cycle are shifted by 3 hr with respect to the GPS due to
the phase shift of the GEM S2 component above 1 km, and
the GEM IWV cycle has a deep minimum at 32/0800 UTC
that is not present in the GPS cycle. Thus, the phases of the
height-resolved cycle components impact the behaviour of
the IWV cycle.

It is difficult to resolve a diurnal cycle in the DIAL
and numerical products in the winter and spring months
due to the lower water vapour content. Nevertheless, as
discussed in Hicks-Jalali et al. (2021), the agreement in
phase between the DIAL and GPS and in the surface
amplitudes from the WMO surface station provide con-
fidence in the DIAL results. In the winter, ERA5 has
almost no diurnal cycle present for the entire altitude
range, and GEM has a small amplitude of 0.03 g⋅kg−1 at
150 m (a small positive bias of 0.02 g⋅kg−1 with the DIAL).
GEM and ERA5 are not able to reproduce phase shifts
and the S2 component above 500 m that are observed by
the DIAL. Most notably, the DIAL observes a large max-
imum at 1700 UTC above 1 km created by the superposi-
tion of the two components and increased amplitude of
the S2 component. Though both GEM and ERA5 repro-
duce increases in magnitude at those altitudes, they are
12–14 hr out of phase with the DIAL. The GEM and ERA5
S1 and S2 components are shifted with respect to each
other, resulting in a total extended maximum instead of a
defined peak.

As observed in the fall, the winter IWV cycles seem
to reflect the height-resolved cycles around or above
1 km. The GPS cycle is clearly defined by the S2 com-
ponent, with maxima that correspond to the DIAL S2
phases between 900 and 1,250 m. ERA5’s IWV S2 phase
is consistent with its height-resolved S2 phase around
1,200 m, as are the GEM cycles. The superpositioning
of the DIAL height-resolved cycles above 1 km results
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20 HICKS-JALALI et al.

in stronger maximums in the GPS IWV cycles. In
GEM and ERA5, the S1 and S2 components are out of
phase and have smaller S2 amplitudes, such that they
get more of an extended IWV maximum with smaller
S2 peaks.

In the spring, the ERA5 and GEM S1 components
at 150 m are in phase with the surface cycle and agree
well in magnitude; however, the GEM S1 amplitude has
a slight positive bias of 0.025 g⋅kg−1 around 50 m. Though
the DIAL S2 amplitudes increase in altitude, the GEM and
ERA5 height-resolved mixing ratio amplitudes decrease,
thus limiting the IWV S2 component. Both ERA5 and GEM
do not produce the S2 component during the spring or the
winter. The lack of the S2 component in spring and winter,
and in the summer as well, suggests that there is a pro-
cess (or several) that is not being well represented in the
models.

The results of the fall, winter, and spring cycles indi-
cate that the IWV cycles are heavily influenced by the
water vapour above 1 km, and less so by the water
vapour close to the surface. Jakobson et al. (2014) also
found that 60% of the diurnal variability over land was
driven by the layers between 800 and 900 hPa, which cor-
responds to approximately 500–2,000 m at Iqaluit. The
behaviour observed here agrees with their results and
is easily observed in the fall and winter when the S1
amplitude is small enough to allow the S2 component to
dominate.

Louf et al. (2015) examined height-resolved diurnal
water vapour cycles in Africa using a microwave radiome-
ter. Their fig. 6 depicts the height-resolved cycles and IWV
cycles of the total column, a column below 1,400 m and
another above 1,400 m. The column above 1,400 m has
more water vapour, and their fig. 6 indicates that the total
cycle can be determined by the summation of the two lay-
ers. In their fig. 6b, the total cycle is a summation of the two
layers but retains the overall behaviour of the layer above
1,400 m. This would suggest that the diurnal IWV cycle
may strongly depend on the 800–900 hPa region; however,
more investigation is required on a global scale to verify if
this is true elsewhere.

5.2 Possible causes of the differences
between the model and observation
diurnal cycles

This is the first time that the GEM diurnal water-vapour
cycles have been evaluated, whereas a few recent papers
have evaluated the IWV diurnal cycles in ERA5 in
the Tropics. Lees et al. (2021) evaluated ERA5 diurnal
IWV cycles around the south Indian Ocean basin. They
also found that that the ERA5 IWV diurnal amplitudes

were underestimated with respect to the GPS measure-
ments. Xue et al. (2020) analysed the diurnal cycles of
upper tropospheric humidity between ±60◦ latitude using
brightness temperatures from satellite-based imagers.
They found that all five reanalysis datasets (including
ERA5) had smaller diurnal amplitudes than the obser-
vations and that the phase of the maximum humidity
lagged behind the observations by 3 hr. Our results corrob-
orate the findings from both papers, that both ERA5 IWV
and height-resolved amplitudes are smaller than those
observed.

There are several factors that may be influencing
the differences between the two models themselves and
between the models and observations. The first major
difference is their resolutions. ERA5’s horizontal resolu-
tion is significantly coarser than the resolution of GEM.
Other studies have shown that models with higher reso-
lutions are more successful at reproducing diurnal cycles
of precipitation and convection. Sato et al. (2009) tested
three different resolutions of the Nonhydrostatic Icosahe-
dral Atmospheric Model between 14 km, 7 km, and 3 km
across the globe between ±30◦ latitude to evaluate the
model’s precipitation diurnal cycle. They found that the
3 km model outperformed the lower resolution models
over both land and the ocean.

Milbrandt et al. (2016) suggests that at higher model
resolutions there is less need for deep convection
parametrization; however, more attention must be paid
to the microphysics at kilometre scales. GEM does have
a deep convection scheme (Kain and Fritsch, 1990) in
addition to the predicted particle properties microsphysics
scheme. ERA5 also has a deep convection parametrization
scheme that did improve the diurnal cycle of precipita-
tion and convection in the Tropics (Bechtold et al., 2014).
However, the Bechtold et al. (2014) model is dependent on
the level of convective available potential energy, which
may not work as well for sites at higher latitudes where
there is little to no convection. We used vertical wind mea-
surements from the wind lidar to examine convection in
Iqaluit during the course of this study to verify this; how-
ever, we could not detect a diurnal signal in the vertical
wind during any season, suggesting that convection is not
very strong at Iqaluit. ERA5 also made improvements to
their microsphysics scheme (Ahlgrimm and Forbes, 2014),
and though it did improve top-of-atmosphere short-wave
radiation bias in the model globally, it did not improve the
negative bias in top-of-atmosphere short-wave radiation
around Iqaluit. Future work is required to evaluate how
well Arctic clouds are reproduced in GEM and ERA5 at
Iqaluit.

The ratio of land to water in each grid point is another
significant difference between the two models. The Iqaluit
ERA5 pixel is 50% split between land and water, whereas
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the GEM grid point is 80% land and 20% water. Iqaluit
is far enough north that sea breezes are not much of an
influence on the diurnal cycle and can only occur during
July and August Mariani et al. (2018). However, a lack of
sea-surface temperature information and the influence of
the ice in Frobisher Bay may not be completely accounted
for in ERA5, resulting in low diurnal amplitudes in the fall
and winter.

GEM exhibited a small but consistent positive bias in
the near-surface bins with respect to the DIAL, particu-
larly in the summer months. Land-surface processes (such
as evapotranspiration) and other complex processes (such
as water vapour flux from snow) may need to be examined
in further detail to explain this bias. The type of vegeta-
tion assumed for Iqaluit and the seasonal soil moisture are
also variables that would contribute to the evapotranspira-
tion estimates and should be evaluated in future analyses.
There have been fewer opportunities to evaluate the evap-
otranspiration process for vegetation found in Iqaluit and
the tundra environment in GEM in comparison with lower
latitude Canada, and as such it may not be accurately rep-
resented. Both GEM and ERA5 assimilate soil moisture
measurements, either from satellites or from ground-based
in-situ measurements (Albergel et al., 2012; De Rosnay
et al., 2013; Carrera et al., 2015). However, in GEM’s case,
the soil moisture measurements are only assimilated in
grid points with a land/water ratio higher than 90% and
are not assimilated if snow, frozen soil, or precipitation is
present in the nature run (Carrera et al., 2015). Therefore,
soil moisture is likely not assimilated for the Iqaluit grid
point in this study, which could be causing some of the
bias in the near-surface cycles. GEM and ERA5 may also
be assuming that the Iqaluit soil is not frozen in the sum-
mer, and though the top layers of soil will melt in July and
August, the lower layers will remain frozen, which would
impact the amount of moisture available to evaporate in
the summer.

Given Iqaluit’s location and the lack of observations
available to assimilate in this region, models are gener-
ally forced to rely on assimilating satellite measurements.
However, satellite-based instrument measurements are
generally limited in temporal coverage of a specific loca-
tion. Additionally, satellite-based instrument humidity
measurements usually have low vertical resolution (sev-
eral hundred metres to kilometres) and either have no
measurements or have high uncertainties in the boundary
layer. ERA5 significantly increased its assimilated obser-
vations worldwide; however, Hersbach et al. (2020) did
not differentiate the number of measurements by lati-
tude. GEM is able to assimilate more radiosondes and
aircraft measurements than previous versions (Buehner
et al., 2015), but since those measurements do not have
high temporal resolution they would have less of an

effect on the diurnal cycle. Additionally, ERA5 does not
assimilate ZTD, whereas GEM does for every run. Assimi-
lating the GPS measurements improved the IWV forecasts
over North America (Macpherson et al., 2008; Buehner
et al., 2015). Assimilating the ZTDs, which are mostly
influenced by the water vapour in the first few kilome-
tres, may help constrain the boundary-layer humidity in
GEM. Nevertheless, it is clear that the models would bene-
fit from additional higher temporal and vertical resolution
humidity measurements in the Arctic.

6 CONCLUSIONS

Diurnal cycles are one of the most challenging compo-
nents of numerical weather prediction and climate mod-
els to reproduce due to their complexity and dependence
on numerous processes. High-frequency thermodynamic
measurements in the Arctic are difficult to maintain
for extended periods of time due to the harsh environ-
ment and large expense, making evaluations of numerical
weather and climate models difficult. In this article, we
have evaluated the seasonal and diurnal water vapour
behaviour in the ECMWF ERA5 model and the ECCC
GEM NWP model against a preproduction DIAL system
and ground-based GPS observations taken at the ECCC
Iqaluit supersite.

Both ERA5 and GEM were able to reproduce the sea-
sonal averages and the standard deviation of the water
vapour observed by the DIAL and the GPS. However,
although the numerical products perform well on the
seasonal scale, the diurnal cycle remains challenging,
particularly when resolved by height. Near-surface, sum-
mer height-resolved, and summer IWV cycles showed
the best agreement between both numerical products and
the observations. Winter and spring exhibited the worst
agreement in the height-resolved cycles due to low water
vapour concentrations. Though GEM was able to repro-
duce the fall cycle below 1 km, it struggled above; ERA5
was unable to resolve a height-resolved or IWV cycle
in the fall.

Both numerical products have trouble reproducing the
diurnal cycle above 1 km, particularly the S2 component.
Other studies have shown that ERA5, although it has
improved over ERA-Interim, still produces diurnal ampli-
tudes that are smaller than those observed. We showed
that, in Iqaluit, ERA5 S1 amplitudes agreed with the DIAL
in the summer and spring close to the surface but were
smaller above 500 m by 0.1 g⋅kg−1. The ERA5 S2 ampli-
tudes were significantly smaller than those of the DIAL
and GPS at all altitudes and were generally out of phase.
The lack of an S2 component significantly affected the
numerical product IWV cycles, such that their amplitudes
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were also smaller than the GPS IWV amplitudes except
in the summer, when their amplitudes were larger than
the GPS’. ERA5’s bias in phase and amplitude was con-
stant with shifting the time series starting point, so we
can conclude that the solution was mostly unaffected by
changing the starting point of the time series.

The GEM diurnal cycles were closer to the DIAL and
GPS than the ERA5 cycles. This was likely primarily due to
GEM’s higher resolution (2.5 km), which has been demon-
strated to improve diurnal cycles in previous studies, but
also potentially due to the grid-point tile water/land com-
position. GEM also assimilates GPS measurements, which
provide additional water vapour information in the lower
troposphere and boundary layer, whereas ERA5 does not.
GEM is also designed specifically for Canada. The GEM
S1 component agreed well with the DIAL below 1 km and
was mostly in phase with the DIAL results below 1 km.
However, above 1 km the GEM S1 amplitudes were typ-
ically smaller than the DIAL S1 amplitudes. Like ERA5,
GEM had trouble reproducing the S2 component in both
the height-resolved profiles and consequently in the IWV
cycles as well. The DIAL measurements revealed an S2
amplitude that increases with altitude, which neither
ERA5 nor the GEM could reproduce. The GEM bias with
respect to the DIAL and the GPS was fairly constant, with
minimal dependence on lead time. Higher altitudes were
subject to larger variation, presumably because the ampli-
tudes were smaller at those altitudes and the average water
vapour content was much smaller (typically 1 g⋅kg−1 less
than at the surface).

This article has shown that the S2 component is a
critical process in Iqaluit’s diurnal cycle. The inability to
reproduce the S2 component in the diurnal cycle profiles
has important consequences on the accuracy (magni-
tude and phase) of the models’ net (sum) diurnal cycle,
possibly affecting other atmospheric processes, such
as precipitation. We found that the IWV diurnal cycle
is highly dependent on the diurnal water vapour cycle
between 500 m and 2,000 m. In this region, the influence
of the S2 component becomes visible due to its increase
in amplitude and its constructive interference with the
24 hr component. If the S2 component is incorrect, it
affects the IWV cycles such that their amplitudes are
either too small or they are shifted in phase with respect
to the GPS. Total column and humidity profiles are crucial
components of the radiative transfer equations that gov-
ern NWP. Incorrect timing of the diurnal component can
have consequences on the timing of precipitation, cloud
formation, or convective processes. Finding the drivers of
the S2 component is an important next step in improving
diurnal cycles in NWP. Future work will involve inves-
tigating measurements of pressure, precipitation, soil
moisture, cloud, and surface turbulent flux diurnal cycles

at Iqaluit and comparing them with ERA5 and GEM to
hopefully determine which processes are the source of the
discrepancies.
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