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Abstract
We have used theWeather Research and Forecasting (WRF)model to simulate the climate of the Kerguelen Islands (49° S, 69° E)
and investigate its inter-annual variability. Here, we have dynamically downscaled 30 years of the Climate Forecast System
Reanalysis (CFSR) over these islands at 3-km horizontal resolution. The model output is found to agree well with the station and
radiosonde data at the Port-aux-Français station, the only location in the islands for which observational data is available. An
analysis of the seasonal mean WRF data showed a general increase in precipitation and decrease in temperature with elevation.
The largest seasonal rainfall amounts occur at the highest elevations of the Cook Ice Cap in winter where the summer mean
temperature is around 0 °C. Five modes of variability are considered: conventional and Modoki El Niño-Southern Oscillation
(ENSO), Indian Ocean Dipole (IOD), Subtropical IOD (SIOD) and Southern Annular Mode (SAM). It is concluded that a key
mechanism by which these modes impact the local climate is through interaction with the diurnal cycle in particular in the
summer season when it has a larger magnitude. One of the most affected regions is the area just to the east of the Cook Ice Cap
extending into the lower elevations between the Gallieni and Courbet Peninsulas. The WRF simulation shows that despite the
small annual variability, the atmospheric flow in the Kerguelen Islands is rather complex which may also be the case for the other
islands located in the Southern Hemisphere at similar latitudes.

1 Introduction

Located in the southern Indian Ocean at about 49° S and 69°
E, the Kerguelen Islands (also known as Desolation Islands),
are one of the most remote places on Earth located more than
3300 km to the south-east of Madagascar. Discovered by
Yves-Joseph de Kerguelen-Trémarec in February 1772, the
islands are known to have an oceanic climate with small daily
and annual air temperature ranges and rather windy weather
conditions (Varney 1926). Despite the harsh climate, they are
home to a wide variety of fauna (Weimerskirch et al. 1989) and
flora (Hooker 1879; Frenot et al. 2001). In order to adapt to the
extreme windy conditions, most insects like butterflies have

reduced or even no wings (Wallace 1889). Even for humans,
the conditions are challenging: as stated in Varney (1926), in
Christmas Harbour, located in the north-western part of the
island, Sir James Ross was frequently obliged to throw himself
on the ground to prevent being blown into the water.

The Kerguelen Islands feature the Cook Ice Cap, a glacier
located at a relatively low altitude and then directly influenced
by changes in the oceanic and atmospheric circulations
(Vallon 1987; Verfaillie et al. 2015). Recently, Favier et al.
(2016) has shown that the glacier wastage in the Kerguelen
Islands during the 2000s was among the most dramatic on
Earth. These authors have also found that most of the climate
models from the Coupled Model Intercomparison Project 5
(CMIP5; Taylor et al. 2012) cannot reproduce properly the
observed atmospheric conditions over the islands, in particular
the precipitation. The main reason behind the fact that general
circulation models (GCMs) fail to capture the local climate
variability is that they are run at very coarse horizontal reso-
lution (typically no higher than 50 km), at which many of the
relevant processes, such as the land-sea mask and local topog-
raphy, are not well simulated. Given the lack of high-
resolution observational datasets over the region, a high-
resolution run with a regional climate model (RCM) that
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verifies well against the available observational data and ex-
tends over a considerable period of time is currently the best
product that can be used to investigate regional and local cli-
mate features. A better understanding of the current climate of
the Kerguelen Islands and its variability is crucial for glacier-
related studies (e.g. Poggi 1977; Berthier et al. 2009), to better
understand projected future climate change and, given the
existence of other islands at similar latitudes in the Southern
Hemisphere, to have a general idea of their possible local
climate conditions.

Being located near 50° S, the climate of the Kerguelen
Islands is strongly influenced by the Southern Hemisphere’s
mid-latitude storm track. Favier et al. (2016) showed that an

increase in the Southern Annular Mode (SAM; Marshall
2013) index, the principal mode of atmospheric circulation
variability in the Southern Hemisphere, since the mid-1970s
has led to a poleward shift of the storm track with higher
surface pressures and drier conditions around the Kerguelen
Islands and equatorward. Before 1975, the temperature pattern
over the southern Indian Ocean resembled the Subtropical
Indian Ocean Dipole (SIOD; Behera and Yamagata 2001).
In its positive phase, warm sea surface temperatures (SSTs)
in the Agulhas and Antarctic circumpolar currents along the
southwestern side of the Southern Indian Ocean subtropical
gyre affect evaporation rates within the storm track and en-
hance the precipitation on the islands. Despite the fact that

COURBET 
PENINSULA

RAILLER 
DU BATY 

PENINSULA

COOK 
ICE CAP

JOFFRE 
PENINSULA

LORANCHET 
PENINSULA

BAIE D’AUDIERNE

WHALER’S 
BAY

JEANNE D’ARC
PENINSULA

RONARC’H
PENINSULA

MORBIHAN BAY

a b

c
Fig. 1 Spatial extent (with the boundary regions excluded) and orography (m) of the a 27 km, b 9 km and c 3 km WRF domains. In (c), the different
regions of the Kerguelen Islands are labelled and the star shows the location of the Port-aux-Français station (49.35° S, 70.25° E)
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these modes of variability are known to have a significant
impact in the weather conditions at Kerguelen, to our knowl-
edge, their local impact (which can be very different in some
parts of the islands) has not been investigated. The same is true
for tropical modes of variability, e.g. Guinet et al. (1998)
found that warm SSTs are typically located south of the
Kerguelen Islands within a year of, and between 4.2 and
5.4 years after, an El Niño event. How these anomalous
SSTs influence the local climate of the islands is unknown.
It is important to note that Guinet et al. (1998) only considered
conventional El Niño events. Since the late 1970s, El Niño
events have had a different structure with maximum SST
anomalies in the central Pacific flanked by colder SSTs to
the east and west (Ashok et al. 2007). They are called El
Niño Modoki events and are known to have different global
impacts (Weng et al. 2007, 2009). As they may occur more
frequently in a hypothetical warmer planet (Ashok and
Yamagata 2009), it is of interest to consider them as well.
The Indian Ocean Dipole (IOD; Saji et al. 1999; Saji and
Yamagata 2003) may also have a significant influence in the
Kerguelen Islands. The local impacts of these modes of vari-
ability are investigated in this study.

In this work, the Weather Research and Forecasting (WRF;
Skamarock et al. 2008) model is used. WRF is a fully com-
pressible and non-hydrostatic model that uses a terrain-
following hydrostatic pressure-based coordinated in the verti-
cal together with the Arakawa-C grid staggering for horizontal
discretization. This model has been used for a wide variety of
applications including coupled-model applications (e.g.
Samala et al. 2013; Zambon et al. 2014), idealised simulations
(e.g. Hill and Lackmann 2009; Steele et al. 2013) and regional
climate research (e.g. Evans andWestra 2012). Here, theWRF
model is used to simulate the climate of the Kerguelen Islands
and investigate its inter-annual variability.

In Section 2, details about the model setup and methods
used are given. The results of the model evaluation and the
climate of the Kerguelen Islands are presented in Section 3
while the impact of different modes of variability on the local
climate of the islands is discussed in Section 4. The main
conclusions are outlined in Section 5.

2 Model, datasets and diagnostics

In this study, the National Centers for Environmental
Prediction (NCEP) Climate Forecast System Reanalysis
(hereafter CFSR; Saha et al. 2010) 6-hourly data, at a horizon-
tal resolution of 0.5° × 0.5°, is used to initialise and provide
boundary conditions to theWRFmodel version 3.7.1.WRF is
run in a nested configuration centered over the Kerguelen

Islands for 30 years (April 1986—March 2016).With the goal
of minimising the accumulation of integration errors, and fol-
lowing Lo et al. (2008), the run is broken into overlapping 13-
month periods which begin at 00UTC on 1st March 1986 and
end at 00UTC on 1st April 2016 with the first month regarded
as model spin-up after (re-)initialisation with CFSR data. The
(re-)initialisation takes place at the end of the summer season
in order to keep the winter season within one continuous
integration.

The physics parameterizations used include the Goddard
six-class microphysics scheme (Tao et al. 1989), the Mellor-
Yamada Nakanishi and Niino (MYNN) level 2.5 (Nakanishi
and Niino 2004, 2006) for the Planetary Boundary Layer
(PBL) with the Monin-Obukhov surface layer parameteriza-
tion (Monin and Obukhov 1954) and the four-layer Noah land
surface model (Chen and Dudhia 2001). The radiation scheme
used for both short-wave and long-wave radiation is the Rapid
Radiative Transfer Model for Global (RRTMG) models
(Iacono et al. 2008) with a spatially and temporally varying
climatological aerosol distribution based on Tegen et al.
(1997) employed. Cumulus convection is parameterised using
the Betts-Miller-Janjić (BMJ; Janjić 1994) scheme. The pre-
cipitating convective cloud scheme developed for the BMJ by
Koh and Fonseca (2016) is applied in order to account for
cumulus cloud-radiation feedbacks. In all experiments, sea-
sonally dependent vegetation fraction and surface albedo are
used. A simple interactive prognostic scheme for the sea sur-
face skin temperature (SSKT) based on Zeng and Beljaars
(2005), which takes into account the effects of the heat and

Table 1 List of output pressures levels (in hPa) and height levels above
ground surface (in m) to which the raw WRF output data is interpolated

Pressure levels [hPa]

1000 995 990 985 980

975 970 965 960 940

920 900 850 800 750

700 650 600 550 500

450 400 350 300 250

200 150 100 70

Height levels [m]

25 50 75 100 125

150 175 200 250 300

400 600 800 1000 1250

1500 1750 2000 2500 3000

3500 4000 4500 5000 6000

7000 8000 9000 9500 10,000

11,000 12,000 13,000 14,000 15,000
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radiative fluxes as well as molecular diffusion and turbulent
mixing, is added to the model to capture the diurnal variation
of the SSKT and allow its feedback to the atmosphere. The
lower boundary condition to the SSKT-scheme comes from
the 6-hourly SST data from CFSR, linearly interpolated in
time to have a continuous-varying forcing on the skin layer.

Also read in from CFSR every 6 h are the fractional sea-ice
coverage and sea-ice depth. The sea-ice albedo in the model is
a function of air temperature, skin temperature and snow
(Mills 2011). Gravitational settling of cloud drops in the at-
mosphere is parameterised as described in Dyunkerke (1991)
and Nakanishi (2000), whereas cloud water (fog) deposition

Table 2 Bias, normalised bias
(μ), correlation (ρ), variance
similarity (η) and normalised
error variance (α) for the daily
mean temperature and dewpoint
temperature, daily minimum and
maximum temperatures, total
daily precipitation amount, daily
mean sea-level pressure and
horizontal wind speed and daily
accumulated snow depth for each
season in comparison with
NOAA GSOD data for the Port-
aux-Français station (49.35° S,
70.25° E)

Temperature Bias (K) μ ρ η α

MAM − 1.212 − 0.500 0.631 0.989 0.376

JJA − 0.946 − 0.756 0.879 0.981 0.138

SON − 1.567 − 1.178 0.875 0.982 0.141

DJF − 1.771 − 1.149 0.756 0.999 0.245

Dewpoint temperature Bias (K) μ ρ η α

MAM − 0.039 − 0.137 0.598 0.998 0.403

JJA − 0.015 − 0.010 0.861 0.999 0.140

SON 0.024 0.015 0.823 0.995 0.181

DJF − 0.224 − 0.135 0.792 0.999 0.209

Minimum temperature Bias (K) μ ρ η α

MAM − 0.466 − 0.205 0.559 0.994 0.444

JJA − 0.418 − 0.221 0.625 0.991 0.381

SON − 0.707 − 0.462 0.727 0.981 0.287

DJF − 0.511 − 0.347 0.681 0.996 0.322

Maximum temperature Bias (K) μ ρ η α

MAM − 1.569 − 0.449 0.564 0.977 0.449

JJA − 1.033 − 0.393 0.707 0.952 0.327

SON − 2.147 − 0.837 0.753 0.970 0.270

DJF − 2.492 − 0.956 0.685 0.999 0.316

Precipitation amount Bias (mm) μ ρ η α

MAM 1.011 0.129 0.057 0.986 0.944

JJA 2.019 0.293 0.127 0.975 0.876

SON 1.264 0.167 0.189 0.988 0.813

DJF 0.749 0.118 0.102 0.999 0.898

Sea-level pressure Bias (hPa) μ ρ η α

MAM 0.944 0.098 0.625 0.998 0.376

JJA 0.998 0.315 0.968 0.999 0.033

SON 0.681 0.218 0.960 0.999 0.041

DJF 0.404 0.136 0.933 0.999 0.068

Horizontal wind speed Bias (m s−1) μ ρ η α

MAM − 1.466 − 0.413 0.523 0.995 0.470

JJA − 1.270 − 0.464 0.733 0.999 0.268

SON − 1.812 − 0.705 0.703 0.999 0.298

DJF − 2.218 − 0.903 0.718 0.999 0.283

Snow depth Bias (cm) μ ρ η α

MAM – – – – –

JJA 2.120 − 0.492 0.337 0.992 0.666

SON – – – – –

DJF – – – – –
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onto the surface due to turbulent exchange and gravitational
settling is treated using the simple fog deposition estimation
(FogDES) scheme (Katata et al. 2008, 2011). In the WRF
simulation, nudging is applied at the lateral boundaries over
a four grid-point transition zone while Rayleigh damping is
employed in the top 5 km to the wind components and poten-
tial temperature on a time-scale of 5 s (Skamarock et al. 2008).

The domains used in the model experiments are shown in
Fig. 1. The outermost grid is at a horizontal resolution of
27 km and the innermost grid of 3 km. The cumulus scheme
is switched off in the innermost domain where the effect of
terrain slopes and shadowing effects from neighbouring grid-
points on the surface solar radiation flux are added. In the
outermost grid analysis, nudging towards CFSR is employed.
The horizontal wind components and potential temperature
perturbation are nudged in the upper-troposphere and lower
stratosphere, whereas the water vapour mixing ratio is nudged
in the whole troposphere. All fields are relaxed on a time-scale
of 1 h. In the vertical 40 levels are considered, concentrated in

the PBL, with the lowest level at ~ 26 m above the surface and
the model top at 30 hPa. The output frequency is 3 h for the
first two nests and 1 h for the innermost grid with only the
latter stored. The raw WRF output data is interpolated to a set
of 35 height levels and 29 pressure levels, concentrated in the
lower atmosphere and listed in Table 1, which is then used for
analysis.

The WRF performance is assessed using the diagnostic
suite proposed by Koh et al. (2012) which includes the model
bias, normalised bias (μ), correlation (ρ), variance similarity
(η) and normalised error variance (α). The bias is defined as
the mean discrepancy between the model and observations.
The normalised bias is given by the bias divided by the stan-
dard deviation of the discrepancy between the model and ob-
servations. This diagnostic can be used to determine whether
the model biases are significant: as shown in Koh et al. (2012),
if |μ| < 0.5 the contribution of the bias to the root mean square
error is less than ~ 10% and the biases can be considered not
significant when compared to the error variance. The

Fig. 2 Vertical profiles of temperature bias (in K), normalised bias (μ),
correlation (ρ), variance similarity (η) and normalised error variance (α)
averaged over the winter (JJA; red), spring (SON; green), summer (DJF;
blue) and autumn (MAM; orange) seasons in a comparison with NOAA

IGRA data for the Port-aux-Français station and for the period April
1986–March 2016. The black dashed lines in the μ plot correspond to
μ = ± 0.5 with values of |μ| < 0.5 indicating that the model biases are not
significant
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correlation is a measure of the phase agreement between the
modelled and observed signal variations. The variance simi-
larity indicates how well the signal variation amplitude given
by WRF agrees with that observed and is defined as the ratio
of the geometric mean to the arithmetic mean of the modelled
and observed variances. The normalised error variance is the
variance of the error arising from the disagreements in phase
and amplitude normalised by the combined modelled and ob-
served signal variances. The best performance corresponds to
zero bias, μ and α with the latter requiring both ρ and η to be
equal to 1 as the three diagnostics are related by the identity
below:

α≡1−ρη ð1Þ

For a random forecast based on the climatological mean
and variance ρ = 0 implying that α = 1. Hence, for a model
forecast to be practically useful α < 1. The verification diag-
nostics are defined in Eqs. (6)–(11) in Appendix A.

All observational data used for model evaluation comes
from the Port-aux-Français station (49.35° S, 70.25° E). It is

taken from the National Oceanic and Atmospheric
Administration (NOAA) Global Surface Summary of the
Day (GSOD; available online at https://data.noaa.gov/
dataset/global-surface-summary-of-the-day-gsod) and
Integrated Global Radiosonde Archive (IGRA; Durre et al.
2006, 2008) datasets. The evaluation is performed for each
season separately: autumn (March–May; MAM), winter
(June–August; JJA), spring (September–November; SON)
and summer (December–February; DJF). In the model evalu-
ation, the WRF grid-point chosen is not the closest to the
location of the Port-aux-Français station. Instead, it is selected
in the following manner: (1) the low-level winds, defined as
the winds at the pressure level just above the surface pressure,
are bi-linearly interpolated to the location of the station with
the reference grid-point the neighbouring grid-point that is
upstream (this is particularly important for coastal locations,
as is the case for Port-aux-Français, as onshore or offshore
flows can lead to very different weather conditions) and (2)
a simple elevation correction is applied to the temperature
fields using the dry adiabatic lapse rate between the height
of the model grid-point and the height of the station.

Fig. 3 As Fig. 2 but for the dewpoint depression (the bias is in K)
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3 Model evaluation and climate

In this section, the model output is first compared with the
NOAA GSOD and IGRA data for the Port-aux-Français sta-
tion. We then present the seasonal mean values for the surface
temperature, precipitation and horizontal wind vector, to illus-
trate the main features of the climate of the islands.

In Table 2, the diagnostics for several surface and near-
surface fields in comparison with NOAA GSOD data are
shown. For all fields and seasons α < 1, meaning that WRF
produces useful forecasts. The largest values ofα are obtained
for precipitation with this poorer performance being mostly a
result of phase errors. The predominance of phase errors over
amplitude errors is also seen for the other fields with η always
higher than 0.95, whereas ρ can be as low as 0.057. As the
weather conditions at Port-aux-Français are controlled by the
passage of transient baroclinic systems, these results indicate
that the errors in the timing and location of these systems
prevail over the intensity errors. For all seasons, the model’s
daily-mean temperature is lower than that observed by ~ 1 to

2 K with the biases being significant in all seasons except in
the autumn. Daily minimum and maximum temperatures are
also lower by up to 2.5 K, whereas for the dewpoint temper-
ature the magnitude of the biases is much smaller, not exceed-
ing ~ 0.2 K. A possible explanation for the lower air temper-
atures is excessive (low-level) cloud cover predicted by the
model which may be the case as (1) WRF overestimates the
precipitation amount for all seasons and (2) the absolute mag-
nitude of the maximum temperature biases is always larger
than that of theminimum temperature biases, for DJF by about
a factor of 5. The model sea-level pressure biases are rather
small, not exceeding 1 hPa, whereas the horizontal wind
speeds predicted by WRF are weaker than those observed
by up to ~ 2 m s−1 with the biases being significant in spring
and summer. The difference between the modelled and report-
ed snow depth in winter shows a positive bias of about 2 cm.

In addition to the surface fields, vertical profiles of temper-
ature, dewpoint depression and horizontal wind are compared
with those observed as given by NOAA IGRA. For each avail-
able time, a log-pressure interpolation is employed between the

Fig. 4 As Fig. 2 but for the horizontal wind. In the bias (in m s−1) and
normalised bias (μ) plots the coloured dashed-dotted lines show the di-
agnostics for the zonal wind component and the coloured dashed lines for

the meridional wind component. The correlation (ρ), variance similarity
(η) and normalised error variance (α) diagnostics plotted are for the
horizontal wind vector (solid line)
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sounding and WRF pressure levels with the diagnostics for
each season and pressure range 1000 to 200 hPa shown in
Figs. 2, 3 and 4. For temperature, and at lower levels, the diag-
nostics are similar to those obtained at the surface in compari-
son with NOAA GSOD data: significant negative biases of the
order of 1 to 2 K. At higher elevations, the biases are generally
of a smaller magnitude and not significant. An exception is the
region between 670 and 570 hPa where the biases drop below
− 1 K and the normalised bias is lower than − 0.5. Increased
amounts of low-level cloud leading to enhanced upward long-
wave radiation flux and radiative coolingmay explain the lower
temperatures at these levels. At all vertical levels, ρ and η are
rather high (always above 0.5) and α rather low (never exceed-
ing 0.5) indicating a good model performance. The diagnostics
for the dewpoint depression are not so skillful: despite the fact
that α is typically less than 1, the biases are of a larger magni-
tude (the negative values imply a more moist environment in
the model) and the normalised bias is generally around − 0.5
indicating that the biases are borderline significant. The

comparison with GSOD data given in Table 2 shows that at
the surface WRF is also more moist than observations: the
temperature biases are negative and of a larger magnitude than
the dewpoint temperature biases leading to a smaller dewpoint
depression in the model. The more moist atmosphere is also in
agreement with the heavier precipitation (and enhanced cloud
cover) predicted byWRF at all seasons. The final field present-
ed is the horizontal wind vector (Fig. 4). For a majority of the
levels considered, the model biases are not significant. The sign
of the biases varies considerably with height with the zonal
wind component generally overestimated (by up to ~ 7 m s−1)
and the meridional wind component underestimated (by up to
~ 6 m s−1) indicating a more north-westerly wind direction in
WRF. The other diagnostics (ρ, η and α) are generally very
good with phase errors dominating over amplitude errors ex-
cept around 950 hPa in winter when the higher values of α (~
0.8) are mostly due to a lower η (~ 0.4).

Having verified that WRF simulates well the observed
fields at the Port-aux-Français station for which observational

Fig. 5 Two-meter temperature
(K) averaged over the autumn
(MAM), winter (JJA), spring
(SON) and summer (DJF)
seasons for the period April
1986–March 2016
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data is available, the seasonal mean climate will now be pre-
sented for the whole island. Figures 5, 6 and 7 show the mean
2-m air temperature, accumulated precipitation and 10-m hor-
izontal wind vector, respectively, for the 30-year period (April
1986–March 2016). For simplicity and clarity purposes, the
different regions of the Kerguelen Islands will be referred to
using their proper names given in Fig. 1c: Loranchet
Peninsula in the north-west; Railler du Baty Peninsula in the
south-west; Gallieni and Joffre Peninsulas in southern and
northern central parts of the island, respectively; Courbet
Peninsula on the eastern side; Jeanne d’Arc and Ronarc’h
Peninsulas on the south-eastern side. The Whaler’s Bay in
the north lies between the Joffre and Courbet Peninsulas and
the Baie D’Audierne is approximately located between the
Railler du Baty and Gallieni Peninsulas in the south-west.

As expected, there is a general decrease in the seasonal
mean temperature with elevation with the warmest regions
being the eastern side of the Courbet Peninsula (including
the Port-aux-Français), the lower elevations between the

Courbet and Gallieni Peninsulas and southeastern and western
parts of the Jeanne d’Arc and Ronarc’h Peninsulas. Here, the
summer mean temperatures can exceed 281 K (7.85 °C). At
the Cook Ice Cap, the winter mean temperatures are as low as
266.3 K (− 6.85 °C) while in the summer season they are
around 0 °C. Over the surrounding ocean, the annual temper-
ature variability is reduced with typical values of ~ 275 K
(1.85 °C) in winter and ~ 278 K (4.85 °C) in summer. As seen
in Fig. 6, heavier precipitation is predicted by the model at
higher elevations with a seasonal maximum of just above
2700 mm at the Cook Ice Cap in the winter season. These
values seem excessive and may be at least partly the result
of the model tendency to overestimate the observed precipita-
tion as is the case for the Port-aux-Français station. The
warmest regions of the islands referred above have the lowest
total amounts of precipitation for all seasons, comparable to
those over the surrounding waters. The precipitation results
are consistent with Favier et al. (2016) who found a significant
correlation between precipitation and elevation.

Fig. 6 As Fig. 5 but for the
accumulated precipitation (mm)

High-resolution dynamical downscaling of re-analysis data over the Kerguelen Islands using the WRF model 1267



Figure 7 shows the results for the 10-m horizontal wind.
There is a small seasonal variability with slightly higher
speeds in the winter season. As expected, the strongest winds
occur over the high terrain in particular in a banded region that
extends from the northern section of the Loranchet Peninsula
to the southern section of the Raillier du Baty Peninsula com-
prising the Cook Ice Cap where seasonal mean values in ex-
cess of 17 m s−1 are predicted by the model. The most wind-
sheltered areas are south-eastern parts of the Courbet
Peninsula, the region between Gallieni and Courbet
Peninsulas mainly along the north-western coastline facing
the Whaler’s Bay, and in parts of the west coast where season-
al mean wind speeds are generally less than 6 m s−1. As a
result of wind blocking by the topography, seasonal mean
speeds are also lower in the region surrounding the Baie
D’Audierne. The prevailing wind direction is from the west
to north-west with south-westerlies in some central regions
and in the northern section of Cook Ice Cap where the flow
is forced around the orography.

4 Linear regression against climate indices

In this section, we analyse the influence of climate modes of
variability on the seasonal climate of the Kerguelen Islands.
Favier et al. (2016) showed that changes in the SIOD and
SAM lead to variations in the storm track which impacts the
Kerguelen Islands. Their influence is analysed here. The
SIOD index (Behera and Yamagata 2001) is defined as:

SIOD ¼ SST ANOM SWIO½ �−SST ANOM SEIO½ � ð2Þ

where SWIO is the subtropical western Indian Ocean (37° S–
27° S, 55° E–65° E) and SEIO is the subtropical eastern Indian
Ocean (28° S–18° S, 90° E–100° E). The SAM index is taken
fromMarshall (2013). In addition to SIOD and SAM, tropical
modes of variability such as El Niño-Southern Oscillation
(ENSO) (both conventional and Modoki types) and IOD are
also considered. The conventional ENSO and IOD indices are
taken from Lestari and Koh (2016), whereas the ENSO

Fig. 7 As Fig. 5 but for the 10-m
horizontal wind. The arrows,
plotted every 7th grid-point for
clarity purposes, show the wind
direction and the shading gives
the wind speed (m s−1)
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Modoki index is taken from Weng et al. (2007). They are
defined in Eqs. (3) to (5) below:

ENSO ¼ SST ANOM NI~NO 3 MODIFIED REGION
h i

ð3Þ
IOD ¼ SST ANOM WIO½ �−SST ANOM EIO½ � ð4Þ

ENSO MODOKI ¼ SST ANOM CP½ �− 1

2
SST ANOM EP½ �

−
1

2
SST ANOM WP½ �

ð5Þ

where the Niño 3Modified Region is (4° S–4° N, 90°W–150°
W), WIO is the Western Indian Ocean (10° S–10° N, 50° E–
70° E), EIO is the Eastern Indian Ocean (10° S–0° N, 90° E–
110° E), CP is the Central Pacific (10° S–10° N, 165° E–140°
W), EP is the East Pacific (15° S–5° N, 110° W–70° W) and
WP is the West Pacific (10° S–20° N, 125° E–145° E). The
monthly SSTs used to compute indices (2) to (5) are taken
from CFSR with a 5-month running mean applied to smooth
out any intra-seasonal variability.

Figures 8 and 9 show the intercept and coefficient of the
linear regression of the precipitation rate and 10-m horizontal

wind vector, surface skin temperature and 850 hPa horizontal
wind vector and surface latent heat flux and 200 hPa horizon-
tal wind vector against the conventional ENSO index for each
season and for the 30-year period. As this technique constrains
the La Niña impacts to be always equal and opposite to the El
Niño impacts, only the latter will be discussed.

The precipitation rate for neutral ENSO conditions (regres-
sion intercept) is very similar to that of the mean climate
shown in Fig. 6 with higher amounts over the high terrain
and in the winter season (maximum precipitation rate of ~
29 mm day−1 for JJA near the top of the Cook Ice Cap giving
a seasonal mean of about 2700mm). The pattern of the surface
skin temperature also resembles that of the seasonal mean 2-m
temperature given in Fig. 5 with a smaller annual variability
over the oceans and higher values at lower elevations in par-
ticular between the Courbet and Gallieni Peninsulas and in the
Joffre Peninsula when in DJF it exceeds 282 K (8.85 °C). As a
result of the higher ground temperatures, there is increased
surface evaporation in these regions as shown by the stronger
positive latent heat flux that reaches 80 W m−2. The lowest
values of the latent heat flux are over the high terrain in the
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Fig. 8 Regression intercept of (top panels) precipitation rate (shading;
mm day−1) and 10-m horizontal wind vector (arrows; m s-1), (middle
panels) surface skin temperature (shading; K) and 850 hPa horizontal
wind vector (arrows; m s−1), and (bottom panels) surface latent heat flux

(shading; W m−2; positive if upwards from the surface) and 200 hPa
horizontal wind vector (arrows; m s−1) against the conventional ENSO
index for MAM, JJA, SON and DJF
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winter season when the high amounts of rainfall coupled with
lower temperatures limit the surface evaporation. The horizon-
tal winds at both low and upper-levels are mostly from the
west with higher speeds at 200 hPa (the approximate level of
the upper-level jet).

Figure 9 shows the regression coefficients with only those
statistically significant at 90% confidence level being plotted.
The precipitation changes are only statistically significant in
the solsticial seasons: in the winter season, there is a general
increase in precipitation during El Niño events mostly over the
oceans, whereas in summer the increase is mainly over land
and is more pronounced just to the east of the Cook Ice Cap.
While the heavier amounts of precipitation over the oceans in
JJA can be attributed to the higher surface skin temperatures
(Trenberth and Shea 2005), there is no obvious explanation
for what is causing the precipitation increase in DJF. One
possibility is that the interaction with ENSO in this season
occurs mainly through changes in the diurnal cycle.

Figures 10 and 11 show the regression intercept and coeffi-
cient, respectively, of the hourly precipitation rate and 10-m
horizontal wind vector anomalies for DJF in local solar time
(LST). During daytime, higher temperatures on the eastern
and central parts of the islands, mainly in the low-level region
between the Courbet and Gallieni Peninsulas and in the east-
ern and southern parts of the Courbet Peninsula, lead to lower
pressures compared to those in the highlands to the west. As a
result, westerly winds develop over the island. As the back-
ground winds are also westerly, the enhanced low-level diver-
gence is likely to lead to drier conditions in particular around
the Cook Ice Cap and in the higher elevations of the Loranchet
and Railler du Baty Peninsulas. The pattern reverses in the
evening and nighttime hours with the anomalous easterly
winds that arise in response to the higher pressures to the east
converging with the background westerly winds and giving
rise to increased amounts of precipitation more significant
over the highlands to the west. The diurnal cycle for neutral
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Fig. 9 Regression coefficient of (top panels) precipitation rate (shading;
mm day−1 K−1) and 10-m horizontal wind vector (arrows; m s−1 K−1),
(middle panels) surface skin temperature (shading; K K−1) and 850 hPa
horizontal wind vector (arrows; m s−1 K−1), and (bottom panels) surface
latent heat flux (shading; W m−2 K−1; positive if upwards from the sur-
face) and 200 hPa horizontal wind vector (arrows; m s−1 K−1) against the
conventional ENSO index forMAM, JJA, SON andDJF. Only regression

coefficients statistically significant at 90% confidence level are plotted.
For the horizontal wind vector, if the regression coefficients are only
statistically significant for the zonal/meridional component, the purple
arrow will point in the zonal/meridional direction with the arrowhead
filled; if the two regression coefficients are statistically significant the
arrowhead is not filled
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ENSO conditions given by the regression intercept resembles
the seasonal mean diurnal cycle (not shown). It is important to
stress that diurnal cycles are not an exclusive tropical phenom-
ena, in the mid-latitudes topography-driven diurnal cycles
have been reported for example on the edges of the Tibetan
Plateau (Liu et al. 2009; Guo et al. 2014). Figure 11 shows the
regression coefficient. There is a persistent increase in the
rainfall more significant during nighttime and morning hours
and just to the east of the Cook Ice Cap, in the same region
where the statistically significant increment in the seasonal
mean precipitation shown in Fig. 9 is observed. The most
pronounced increase in precipitation takes place between 1
and 2 LST when the anomalous wind associated with the
diurnal cycle is easterly and with the El Niño is westerly, in
phase with the background winds, suggesting that the
resulting increased horizontal wind convergence may explain
the enhanced precipitation. From late morning to late

afternoon, Fig. 11 shows anomalous northerly winds in El
Niño conditions over the Loranchet and Railler du Baty
Peninsulas as well as over parts of Ronarc’h and Jeanne
d’Arc Peninsulas with the increase in precipitation gradually
shifting eastwards towards the Courbet Peninsula before drier
conditions set in from 18 to 22 LST. A comparison of Fig. 11
with Fig. 10 indicates that ENSO affects both the amplitude
and phase of the diurnal cycle. It can be concluded that the
main mechanism whereby conventional ENSO events act to
increase the local precipitation over central parts of the
islands, mainly to the east of the Cook Ice Cap, in DJF is
through changes in the seasonal mean diurnal cycle.

The interaction with the diurnal cycle reported for conven-
tional ENSO events is not exclusive to this mode of variability
and to the summer season even though in the other seasons the
amplitude of the precipitation diurnal cycle is smaller (about a
third in the shoulder seasons and a sixth in the winter season).

Fig. 10 Regression intercept of the hourly precipitation rate (shading;
mm day−1) and 10-m horizontal wind vector (arrows; m s−1) against the
conventional ENSO index for the summer season (DJF) in local solar

time (LST). The precipitation and 10-m horizontal wind vector shown
are anomalies with respect to the daily mean
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For the other modes of variability considered, and for brevity
purposes, only the regression coefficients against the seasonal
mean fields will be shown.

Figure 12 shows the regression coefficient with respect to
ENSOModoki. A comparison with Fig. 9 reveals that overall
the impact of ENSO Modoki events on the seasonal mean
climate is smaller compared to that of conventional ENSO
events. In DJF and in El Niño Modoki events, the increase
in precipitation to the east of the Cook Ice Cap and the de-
crease in south-western parts of the Railler du Baty Peninsula
are mainly a result of the interaction with the diurnal cycle.
However, and as opposed to conventional El Niño events, this
occurs mostly through changes in the amplitude. The other
season for which there are statistically significant changes in
precipitation is the autumn when heavier rainfall around
Whaler’s Bay is predicted by the model in El Niño Modoki
events. The lower sea surface temperatures cannot account for
this increase in rainfall which is also found to result mainly
from the interaction with the diurnal cycle.

The next mode of variability considered is the IODwith the
regression coefficients shown in Fig. 13. Statistically signifi-
cant changes in precipitation are observed mainly over the
ocean and in the winter and spring seasons. In JJA, the in-
crease in precipitation can be explained by the higher sea
surface temperatures, whereas in spring drier atmospheric
weather conditions lead not only to an increase in surface
evaporation (with strong positive, upward from the surface,
latent heat fluxes) but also to a reduction in precipitation.

The regression coefficients for SIOD are given in Fig. 14.
The changes in precipitation for the summer season in SIOD+
events resemble those obtained for conventional El Niño
events and result from the same mechanism but have the op-
posite sign. The drier conditions predicted by the model over
land are also consistent with the increased surface evapora-
tion. In spring, the higher SSTs around the islands can explain
the local increase in precipitation in parts of the Railler du
Baty Peninsula in SIOD+ events. In JJA, the interaction with
the diurnal cycle mostly accounts for the increase in

Fig. 11 Regression coefficient of DJF hourly precipitation rate (shading; mm day−1 K−1) and 10-m horizontal wind vector (arrows; m s−1 K−1) against
the conventional ENSO index. The conventions are as in Fig. 9
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Fig. 12 As Fig. 9 but for a linear regression against the ENSO Modoki index
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Fig. 13 As Fig. 9 but for a linear regression against the IOD index
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Fig. 15 As Fig. 9 but for a linear regression against the SAM index

ET
AR

N
OIT

ATIPICERP &
 1

0-
M

ET
ER

W
IN

D
S 

SU
RF

A
CE

 S
KI

N
 ER

UT
AREP

MET &
 8

50
hP

a
W

IN
D

S 
X

ULF
T

AE
H

T
NET

AL &
 2

00
hP

a
W

IN
D

S 

Fig. 14 As Fig. 9 but for a linear regression against the SIOD index
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precipitation in some coastal regions. As is the case for con-
ventional ENSO events, the interaction of the SIOD with the
precipitation diurnal cycle occurs through changes in ampli-
tude and phase.

The final mode of variability considered is SAM with the
regression coefficients given in Fig. 15. Unlike the other
modes, SAM has a direct effect on the seasonal mean climate
of the Kerguelen Islands as it is related to variations in the
position and strength of the storm track that impacts the
islands. As discussed in Favier et al. (2016), the recent in-
crease in the SAM index and resultant poleward shift of the
storm track has led to generally drier conditions in the islands.
As seen in Fig. 15, this is the case in spring and summer but in
winter and autumn, the model predicts an increase in precip-
itation mainly off the south-east coast of the Railler du Baty
Peninsula and in parts of the Cook Ice Cap. Higher surface
temperatures, coupled with the interaction of the anomalous
northerly and north-westerly winds associated with SAM+
events with the local topography, background winds and sea-
sonal mean diurnal cycle, explain the predicted precipitation
changes. As is the case with conventional ENSO and SIOD,
SAM modulates both the amplitude and phase of the precip-
itation diurnal cycle.

5 Conclusions

In this paper, we investigate the climate mean and inter-annual
variability of the Kerguelen Islands using the hourly output of a
3 km horizontal resolution WRF run performed over a 30-year
period from April 1986 to March 2016. The model output is
first evaluated against station data, as given by the NOAA
GSOD dataset, and radiosonde data, given by NOAA IGRA,
for the Port-aux-Français station, the only location in the island
for which observational data is available. The diagnostic suite
proposed by Koh et al. (2012) is employed to assess the model
performance. With respect to station data, the main model
biases are a lower daily-mean temperature by about 1 to 2 K
(mostly due to lower maximum temperatures suggesting exces-
sive low-level cloud cover in the model), heavier precipitation
(in particular in the winter season) and weaker daily-mean wind
speeds (larger biases in the summer season with a magnitude of
up to ~ 2 ms−1). A comparison with radiosonde data reveals a
more moist atmosphere in the model throughout the whole
column (1000 to 200 hPa). The lower surface temperatures
coupled with higher temperatures in the 950–700 hPa layer
and lower temperatures above in the 700–550 hPa region are
also consistent with increased low-level cloud cover. Despite
the referred biases, the WRF performance is found to be rather
good for all fields and seasons considered.

Having verified that the model data is generally in good
agreement with that observed for the Port-aux-Français sta-
tion, the seasonal mean climate is then analysed. In line with

Favier et al. (2016), the precipitation is found to increase with
height reaching a maximum at the highest elevations of the
Cook Ice Cap in the winter season. Eastern and southern por-
tions of the Courbet Peninsula and the low-land areas between
the Gallieni and Courbet Peninsulas and of the Jeanne d’Arc
and Ronarc’h Peninsulas have the lowest seasonal mean pre-
cipitation amounts. These regions also experience the highest
seasonal mean surface temperatures that do not exceed 9 °C.
Conversely, the 0 °C isotherm lies close to the top of the Cook
Ice Cap in the summer season indicating that any future
warming is bound to have a large impact on the existing gla-
ciers. The low-level winds are generally westerly to north-
westerly with maximum seasonal mean speeds in excess of
17 m s−1 at the highest elevations of the Cook Ice Cap and
lower speeds along the west coast and in the low-land regions
of the central and eastern parts of the islands where they are
typically less than 6 m s−1.

The influence of five modes of variability (conventional
and Modoki ENSO, IOD, SIOD and SAM) on the seasonal
mean climate is then investigated through linear regression.
The focus is on the precipitation given its recent decline and
major role in the glacier wastage reported at the Cook Ice Cap
(Verfaillie et al. 2015; Favier et al. 2016).

For ENSO, the largest impact is for conventional events
and in the summer season with higher amounts of rainfall in
El Niño events just to the east of the Cook Ice Cap and low
elevations between the Gallieni and Courbet Peninsulas. The
fact that the largest response occurs in DJF is not surprising as
ENSO events typically reach their largest magnitude in this
season. A further analysis revealed that the referred increase in
precipitation is mainly a result of the interaction between the
seasonal mean diurnal cycle and the atmospheric circulation
associated with ENSO. The precipitation diurnal cycle at the
Kerguelen Islands has a similar phase throughout all seasons
but, as expected, a larger amplitude in the summer season (on
average, and with respect to the summer season, the amplitude
is reduced by a factor of three in autumn and spring and further
reduced by a factor of two in winter). During daytime, the
higher surface temperatures in the lower elevations of the
central and eastern parts of the islands lead to lower pressures
compared to those further west. Westerly low-level winds de-
velop that are in phase with the background winds giving
generally drier conditions. At night, the pattern reverses with
the easterly winds, which arise in response to the lower tem-
peratures and associated higher pressures over the central and
eastern portions of the islands, converging with the back-
ground westerly winds and leading to wetter conditions.
Topography-driven diurnal cycles in mid-latitudes have been
reported elsewhere including around the edges of the Tibetan
Plateau (Liu et al. 2009; Guo et al. 2014).

The impact of IOD on the seasonal mean climate is largest
during winter and spring, when these events normally reach
peak intensity, and over the surrounding oceans. Changes in
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the surface skin temperature and atmospheric moisture can
account for the predicted increase in precipitation in JJA and
decrease in SON. SIOD has the largest impact in the summer
season. As is the case for conventional ENSO events, this
interaction occurs through changes in the diurnal cycle’s phase
and amplitude but with the opposite effect of decreased pre-
cipitation rates (and subsequent increased surface evapora-
tion) in central and eastern parts of the island. The interaction
with the diurnal cycle also seems to at least partly account for
the predicted increase in rainfall in some coastal areas in the
winter season. An increase in the SAM index leads to a pole-
ward shift of the Southern Hemisphere storm track and con-
sequently drier weather conditions at the Kerguelen Islands.
While this seems to be the case mainly in central and eastern
portions of the islands in summer and autumn seasons, in
winter and spring there is increased rainfall over portions of
the Cook Ice Cap and south-western parts of the Railler du
Baty Peninsula. Modelling results showed that the higher sea
surface temperatures around the island and the interaction of
the anomalous winds associated with SAM+ events with the
local topography, background winds and diurnal cycle can
explain the predicted precipitation increase.

The analysis of theWRF experiment presented in this paper
highlights the complex nature of the flow around the
Kerguelen Islands. Despite being small in size and located at
about 50° S, between the Roaring Forties and the Furious
Fifties, with persistently strong westerly winds and a small
annual cycle, the precipitation field shows strong interactions
with the different modes of variability consideredwith changes
in the diurnal cycle accounting for a significant fraction of that
variability. These results may be applicable to other islands
located at similar latitudes in the Southern Hemisphere such
as the Heard Island and McDonald Islands, Crozet Islands,
Marion Islands, Prince Edward Island, Campbell Island and
Auckland Island.
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Verification diagnostics

D ¼ F−O ð6Þ

BIAS¼ Dh i ¼ Fh i− Oh i ð7Þ

μ¼ Dh i
σD

ð8Þ

ρ¼ 1

σOσF
F− Fh ið Þ∙ O− Oh ið Þh i; −1≤ρ≤1 ð9Þ

η¼ σOσF

1

2
σ2
O þ σ2

F

� � ; 0≤η≤1 ð10Þ

α ¼ σ2
D

σ2
O þ σ2

F
≡1−ρη; 0≤α≤2 ð11Þ

In the equations above, D is the discrepancy between the
model forecast F and the observations O; σX is the standard
deviation of X;μ is the normalised bias; ρ is the correlation; η
is the variance similarity;α is the normalised error variance. A
random forecast has α = 1 so that α < 1 is recommended.
More information about these diagnostics can be found in
Koh et al. (2012).
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