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Abstract: The World Meteorological Organization (WMO) recommends that the most recent 30-year
period, i.e., 1991–2020, be used to compute the climate normals of geophysical variables. A unique
aspect of this recent 30-year period is that the satellite-based observations of many different essential
climate variables are available during this period, thus opening up new possibilities to provide a
robust, global basis for the 30-year reference period in order to allow climate-monitoring and climate
change studies. Here, using the satellite-based climate data record of cloud and radiation properties,
CLARA-A3, for the month of January between 1981 and 2020, we illustrate the difference between
the climate normal, as defined by guidelines from WMO on calculations of 30 yr climate normals,
and climatology. It is shown that this difference is strongly dependent on the climate variable in
question. We discuss the impacts of the nature and availability of satellite observations, variable
definition, retrieval algorithm and programmatic configuration. It is shown that the satellite-based
climate data records show enormous promise in providing a climate normal for the recent 30-year
period (1991–2020) globally. We finally argue that the holistic perspectives from the global satellite
community should be increasingly considered while formulating the future WMO guidelines on
computing climate normals.

Keywords: climate normal; climatology; satellite remote sensing; clouds and radiation; climate
change; climate data records; climate monitoring; essential climate variables; climate anomalies; WMO

1. Introduction

The impacts of anthropogenic climate change are becoming increasingly clear and
tangible, affecting the bio-socio-economical fabric of all living organisms on our planet.
The far-reaching implications of climate change mean that the need to assess the state
of the climate becomes ever more important. What is the normal state of the climate?
Which period can best represent the current state of the climate and be a reasonably good
predictor for a near-future climate? Which basis shall be used for the near-real-time climate
monitoring? Questions like these now have real, practical socio-economic implications.

In light of these questions, the World Meteorological Organization (WMO) has provided
guidelines to calculate the climate normals of geophysical variables in recent decades [1–3].
The WMO recommends that the member states shall update their climate normals every
decade with the most recent 30-year period, finishing in a year ending with 0. This means
that the latest 30-year normal period is considered to be 1991–2020. Previous studies have
debated in detail whether these latest normals can really be representative of the current
climate or be a predictor for a near future one, given the rapid and non-linear changes
ongoing in the climate system [4–9]. The economic implications of climate normals, for
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example in the energy sector, are also being discussed [10,11]. Even the question of how to
convey climate normals to the general public is far from straightforward [12,13].

There are at least two important aspects that are worth discussing about this latest
normal period.

(a) The golden era of satellites: The latest normal period involves the era wherein space-
based observations from both geostationary and polar orbiting satellites for a wide
range of essential climate variables (ECVs), such as clouds, radiation, albedo, soil
moisture, snow cover, and humidity, to name a few, are available [14,15]. The WMO
climate normals have traditionally been geared towards the in situ measurements
of a few variables such as temperature and precipitation [1,2]. The satellite sensors
now provide information on more than two-thirds of all ECVs, and many of them do
cover the entire 1991–2020 period [14,15]. Furthermore, there have been stratospheric
improvements in the retrievals of ECVs in the recent decades, uplifting their quality
and maturity to a level where climate data records of ECVs are being provided [16–27].
The satellite observations could also provide climate normals globally, going well
beyond the limited area coverage by the in situ measurements. The quality of reanaly-
sis datasets has also been improving due to the assimilation of better observations.
Thus, in principle, satellite-based climate data records and reanalysis could further
complement one another to provide a global basis for climate normals.

(b) Improved understanding of complex Earth system: The latest assessment reports from
the Intergovernmental Panel on Climate Change (IPCC) outline the complexity of our
Earth system and the feedbacks therein [28]. Our understanding of ECVs from the
process to policy level has improved considerably in the last few decades. As we learn
more and more about the importance of each climate variable in the Earth system,
the demands for better information will increase from both the scientific community
and the stakeholders. This means that in future, the climate normals for many ECVs
would be needed.

It is therefore clear that the satellite-based climate data records will play an increas-
ingly important role in defining climate normals for a wide array of ECVs in future. But,
computing climate normals from the climate data records is far from being easy and straight-
forward, and one needs also to understand how suitable and relevant WMO guidelines are
for computing these normals. In the satellite community, the climatological averages pro-
vide the default basis to describe the state of the climate. The aim of this study, therefore, is
to illustrate the difference between the WMO climate normal and climatology for the same
normal period using satellite-based climate data records (CDRs). Here, we focus on two
key climate variables: cloud properties and incoming solar radiation at the surface. Cloud
processes and feedbacks remain the largest source of uncertainty in climate models [29–38],
while the information on incoming solar radiation is key to tackling future energy demands
while transitioning to renewable energy [39–44] and for agricultural applications [45].

2. Satellite-Based Cloud and Radiation Climate Data Record

In this study, we use the data from the third edition of the CM SAF cLoud, Albedo and
surface RAdiation dataset from AVHRR data, CLARA-A3 [21]. This climate data record has
a rich history of dedicated, continuous developments and improvements dating back to its
beginning 25 years ago in the framework of EUMETSAT’s Satellite Application Facility on
Climate Monitoring [46]. CLARA-A3 provides the retrievals of global cloud fraction, cloud
top and physical properties, surface albedo, and incoming surface solar radiation, as well
as the radiation at the top of the atmosphere. Furthermore, CLARA-A3 offers substantial
improvements to its previous version, CLARA-A2. It employs cloud probabilistic detection
based on the Naïve Bayesian theory, while the cloud top property algorithms employ
artificial neural networks. A number of recent studies have documented the theoretical
basis, validations, and improvements in the CLARA-A3 climate data record [21,26,47–49].

In this study, we use both the Level 2b daily means and the Level 3 monthly means
of cloud and radiation products that are available at the 0.25 degree spatial resolution
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globally. The AVPOS (AVHRRs from all polar satellites) aspect of this dataset is analysed
here. This means that the Level 2b and Level 3 data are prepared using quality-controlled
retrievals from AVHRR sensors flying onboard all available NOAA and MetOp satellites
instead of using only one prime morning or afternoon NOAA and MetOp satellite at a
time. The CLARA-A3 CDR currently covers the period from 1979 to 2020 with an interim,
near-real-time CDR thereafter. In this study, we evaluate different geophysical variables,
namely total cloud fraction, daytime and nighttime cloud fraction, low cloud fraction, cloud
top pressure, and incoming surface solar radiation.

3. Computation of Climate Normal and Climatology

In 2017, WMO released its most recent guidelines on the computation of climatological
normal (https://library.wmo.int/records/item/55797-wmo-guidelines-on-the-calculation-
of-climate-normals, accessed on 9 January 2023). It details various aspects of data com-
pleteness, homogeneity, data precision, and rounding relevant to computing the climate
normal [1]. This report, following the Guide to Climatological Practices, recommends that
the individual monthly mean parameters based on the daily means not be calculated if
either one of the following is true: (a) the observations are missing for 11 or more days
during the month, hereafter referred to as the D11 condition, or (b) observations are missing
for a period of 5 or more consecutive days during the month, hereafter referred to as the D5
condition. The report further recommends that, for a normal or average to be calculated for
a given month, data should be available for at least 80% of the years in the averaging period.
This equates to having data available for that month in 24 or more out of the 30 years for a
climatological standard normal or a reference normal.

In this study, we computed two different versions of climate normal and two different
climatologies for the geophysical variables mentioned in Section 2. The rationale and
methodology behind these normals and climatologies are explained below.

CN_WMO: This refers to the “true climate normal” computed by adhering to all three
WMO recommendations on daily and monthly data completeness mentioned above. In
practice, this is carried out as follows. Using the daily means of a geophysical variable
in question available at Level 2b, we created flags for each 0.25 degree lat–lon grid that
satisfy D5 and/or D11 condition for each month during the 1991–2020 period. We then
computed the mean parameter for those grids that satisfy both D5 and D11 conditions and
have data available for at least 24 of the 30 years. We refer to this version of climate normal
as CN_WMO because it strictly follows all WMO guidelines on data completeness.

CN_MB: This refers to the climate normal computed only using Level 3 monthly mean
data. This is a straightforward and easy-to-provide version of the climate normal. In
practice, this means that we apply a basic quality control on the Level 3 data and compute
mean parameter if the data are available for at least 24 of the 30 years.

Clim30: This refers to the 30-year arithmetic climatological average for the 1991–2020
period without applying any condition on data completeness on the daily or the monthly
means. Such climatological averages are often used for climate monitoring, climate change
studies, to provide climate anomalies, and to study the impact of extreme events. In
principle, if the satellite observations are continuous and are of good quality throughout
the 30-year period, CN_WMO, CN_MB and Clim30 would be exactly identical.

Clim40: This refers to the extended 40-year climatological average for the 1981–2020
period. It is possible to calculate this extended climatological average, since the CLARA-A3
climate data record extends back 42 years to 1979. By comparing CN_WMO with Clim30
and Clim40, the readers could obtain an idea about the impact of having 10 extra years
of observations.

In the sections below, the difference between these climate normals and climatologies
is illustrated for the month of January as a demonstrative and feasibility case study.

https://library.wmo.int/records/item/55797-wmo-guidelines-on-the-calculation-of-climate-normals
https://library.wmo.int/records/item/55797-wmo-guidelines-on-the-calculation-of-climate-normals


Remote Sens. 2023, 15, 5598 4 of 14

4. Difference between Climate Normals and Climatologies
4.1. Total and Low Cloud Fraction

Figure 1 shows the absolute values of climate normal of total cloud fraction for the
month of January following the strict WMO data completeness guidelines (i.e., CN_WMO)
together with the differences between CN_WMO and the other versions of climate normal
and climatologies, as explained in Section 3 above. It can be seen that, in the case of total
cloud fraction, the CN_WMO, CN_MB and Clim30 are exactly identical. This means that
the conventional 30-year climatology can fully represent climate normal for this variable in
question. This is possible mainly due to the fact that the total cloud fraction is retrieved
under all circumstances wherein the quality controlled data are available, which has
predominantly been the case during the 1991–2020 period. This is evident in Figure 2,
which shows the total number of longitude grid points failing either the D5 or the D11
condition in the latitude–time domain. In 1995, a brief data loss occurred during the change
from NOAA-11 to NOAA-14 satellite platform. The availability of NOAA-12 during this
time was not enough at the higher latitudes in the northern hemisphere to cover the data
loss due to the change of satellite platform and the data loss due to solar contamination of
thermal channels [50,51]. However, in all other years, the valid daily means are available
continuously and uniformly, thus allowing the computation of CN_WMO globally.

Remote Sens. 2023, 15, x FOR PEER REVIEW  4  of  15 
 

 

In the sections below, the difference between these climate normals and climatologies 

is illustrated for the month of January as a demonstrative and feasibility case study.   

4. Difference between Climate Normals and Climatologies 

4.1. Total and Low Cloud Fraction 

Figure 1 shows the absolute values of climate normal of total cloud fraction for the 

month  of  January  following  the  strict  WMO  data  completeness  guidelines  (i.e., 

CN_WMO)  together with the differences between CN_WMO and the other versions of 

climate normal and climatologies, as explained in Section 3 above. It can be seen that, in 

the case of total cloud fraction, the CN_WMO, CN_MB and Clim30 are exactly identical. 

This means that the conventional 30-year climatology can fully represent climate normal 

for this variable  in question. This  is possible mainly due to the fact that the total cloud 

fraction is retrieved under all circumstances wherein the quality controlled data are avail-

able, which has predominantly been the case during the 1991–2020 period. This is evident 

in Figure 2, which shows the total number of longitude grid points failing either the D5 or 

the D11 condition in the latitude–time domain. In 1995, a brief data loss occurred during 

the change from NOAA-11 to NOAA-14 satellite platform. The availability of NOAA-12 

during  this  time was not enough at  the higher  latitudes  in  the northern hemisphere  to 

cover the data loss due to the change of satellite platform and the data loss due to solar 

contamination of  thermal channels  [50,51]. However,  in all other years,  the valid daily 

means  are  available  continuously  and  uniformly,  thus  allowing  the  computation  of 

CN_WMO globally. 

 

Figure 1. The absolute values of CN_WMO for the total cloud fraction (in %) together with the dif-

ferences (also in %) between CN_WMO and the monthly based climate normal (CN_MB) and the 

two climatologies (Clim30 and Clim40). The numbers in the titles of subplots show the global mean 

differences. The spatial resolution of the equal angle lat–lon grid is 0.25 degrees. 

Figure 1. The absolute values of CN_WMO for the total cloud fraction (in %) together with the
differences (also in %) between CN_WMO and the monthly based climate normal (CN_MB) and the
two climatologies (Clim30 and Clim40). The numbers in the titles of subplots show the global mean
differences. The spatial resolution of the equal angle lat–lon grid is 0.25 degrees.
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Figure 2. Latitude–time histograms showing the number of longitude grids failing either the D5 or
the D11 condition when computing climate normals of total cloud fraction. Maximum number of
longitudes grids can be 1440 since the spatial resolution in 0.25 degrees. The resolution on the Y-axis
(latitude) is also 0.25 degrees.

When the total cloud fraction is sub-divided into contributions from low, middle, and
high clouds, CN_WMO, CN_MB and Clim30 are also exactly identical. This is shown in
Figure 3 in the case of low cloud fraction. This shows that all valid outcomes of cloud
detection lead to the successful classification into low, middle, or high cloud types. This
data completeness further enables the successful computation of CN_WMO. Similar results
were also found for the middle and high clouds (not shown here).
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The differences between CN_WMO and Clim40 shown in Figures 1 and 3 for the total
and low cloud fraction, respectively, are noteworthy. Previous studies have shown that
the global cloud cover is generally decreasing when the trends are computed over the
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last forty years [21,23,25,26,48]. The decrease has mainly occurred over the sub-tropical to
mid-latitudes in both hemispheres. It is, however, worth pointing out that this decrease has
not been continuous throughout the 40-year period (1981–2020). For example, although
the global cloudiness is decreasing when all forty years considered, when we focus only
on the last twenty years, we see that this long-term decreasing trend in global cloudiness
is either stabilising or even slightly reversing. Since Clim40 includes an extra 10 years of
data from the decade before the latest normal period (1991–2020) when the cloud cover
was higher, the global mean differences between CN_WMO and Clim40 are still negative.
There are, however, some regions where these differences are positive due to increasing
trends in cloudiness, for example, the stratocumulus regions in the southeast Pacific off the
northwestern coast of South America and also the stratocumulus region in the southeast
Atlantic. This is especially evident in Figure 3. It should be noted that these regions are
strongly influenced by the El Nino Southern Oscillation (ENSO), and even this extended
40-year climatology may not be long enough to fully cover the variability associated with
ENSO, as argued in the previous studies. These results illustrate why a more cautionary
approach is required when assessing the state of the climate based on the most recent
climate normal period.

4.2. Daytime and Nighttime Cloud Fraction

Figures 4 and 5 show the similar results to Figure 1, but for the daytime and nighttime
cloud fractions, respectively. Here, the differences between CN_WMO and the other
variants of climatologies are clearly evident. The global mean daytime cloud fraction
in CN_WMO is 0.62% and 0.79%, lower compared to CN_MB and Clim30, respectively
(Figure 4). The differences are much stronger locally, and can even have different signs.
Furthermore, CN_WMO could not be computed over the polar region in the northern
hemisphere, extending as south as 45 degrees latitude.
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In order to understand this data gap in CN_WMO and the differences between CN_MB
and Clim30, one has to first note the definition of daytime cloud fraction in the CLARA-
A3 climate data record. When the local solar zenith angles are less than 75 degrees, it is
considered to be the daytime condition, and when they are larger than 95 degrees, it is
considered to be the nighttime. Since the sun remains below the horizon in the Arctic in
January, there is natural data gap resulting in the Arctic, as is visible in the Clim30 case in
Figure 6 that shows the total number of years used to compute CN_WMO and Clim30, and
the difference thereof. But, the data gap in CN_WMO extends even more southward to
45 degrees north. This is due to the fact that, in the latitude band between 45◦N and 55◦N,
the solar zenith angle decreases every day throughout the January month, but remains
below 75◦ in the first half of January. This means that the D5 and D11 conditions are not
satisfied in this latitude band, as shown in Figure 7, resulting in the data gap.
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The computation of CN_WMO is further influenced by the orbital drift of NOAA
satellites [52]. For example, the afternoon NOAA satellites have drifted significantly from
their sun-synchronous orbits, causing increasingly delayed local observational times. The
orbital drift can affect the partitioning among daytime, twilight, and nighttime conditions
more strongly at the higher latitudes during polar winters, since the daily rate of change
of solar zenith angle is higher there, and just a few hours delay in the local observational
times can cross over the daytime threshold for solar zenith angles. This is also clearly
evident in Figure 7 between the latitude bands 30◦N to 45◦N between 1991 and 2000, when
data were available from fewer satellites and the NOAA-11 (1991–1995) and NOAA-14
(1995–2000) drifted considerably towards the end of their lifespans. This resulted in the
gradual loss of data, spatially extending even more southwards towards the later years of
their life. Figure 7 further shows that the data loss in the case of daytime cloud fraction due
to orbital drift has not been uniform over the rest of the globe. This inadequate sampling,
together with different diurnal cycles of various cloud regimes, lead to different signs of
the difference between CN_WMO and Clim30, as seen in Figure 4.

It is also to be noted that in the latter two decades (2001–2020), the data from multiple
NOAA and MetOp satellites are available to compute daytime cloud fraction; thus, the
impact of the orbital drift of an individual satellite is not clearly visible anymore during
this period.

Similar conclusions can also be applied to the climate normals of nighttime cloud
fraction, as shown in Figure 5, except in this case, it is the southern polar regions that are
affected by the problems associated with the orbital drift and solar zenith angles, as well
as the solar contamination in the thermal channels. Furthermore, in the case of nighttime
cloud fraction (Figure 5), the differences between climate normals and Clim30 are limited to
only a certain latitude band. Over the majority of the globe, the changes in the observation
time due to orbital drift, etc., are not large enough to affect the definition of nighttime
cloudiness. However, depending on the month in question, the gradual change in solar
zenith angle due to orbital drift will affect the southernmost or the northernmost zones
near the poles.

Another interesting feature to note in Figures 4 and 5 is the global mean difference
between CN_WMO and Clim40. This difference is much stronger in the case of nighttime
cloud fraction compared to its daytime counterpart. This is due to the fact that this
difference is driven mainly by the strong decreases in mid- to high-latitude clouds over
the oceans during nighttime, while, in the case of daytime, the increases in low-level
oceanic stratocumulus clouds in the southern hemisphere reduce this difference. These
results, presented in Figures 4–7, show the complexity of the situation and the sensitivity



Remote Sens. 2023, 15, 5598 9 of 14

of CN_WMO computation to various factors such as variable definition and orbital and
programmatic configurations.

4.3. Cloud Top Pressure

Figures 8–10 show the similar results to Figures 4, 6 and 7, but for the cloud top
pressure. Here, we note that CN_WMO could not be computed over the desert regions
in the tropics, as well as over the parts of Greenland and Antarctica. There are also some
differences between CN_WMO and Clim30 over other regions peripheral to these data gaps.
These gaps in climate normals of cloud top pressure can be explained by the following
factors. First and foremost, it is physically possible that, in the desert regions and few other
tropical regions, clouds may not develop every day and clear sky conditions could prevail
for longer times within a month. This is especially the case during the drier summer and
winter months. This means that the D5 and/or D11 conditions are not satisfied in practice,
since the cloud top pressures are naturally retrieved only when clouds are present. It is,
therefore, clear that the WMO guidelines are not suitable in this case.
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The situation over the Antarctic and Greenland is even more interesting. Here, the data
gaps in climate normals are not just due to the prevailing clear sky conditions, but also due
to the fact that the cloud detection algorithm in CLARA-A3 may miss clouds over the bright
and cold polar regions, especially in cases of extremely cold surface temperatures [21,48],
and then no other cloud properties are retrieved downstream. This shows that the cloud
detection sensitivity of climate data records could also play an important role while com-
puting the climate normals. The spatial features in the data gaps in Figures 9 and 10 support
these explanations. The impact of orbital drift is also seen in Figure 10 in the northern
hemispheric dry belt (10–30N) when the number of longitude grid points fulfilling the D5
and D11 conditions increases gradually in the first decade when NOAA-11 (1991–1995)
and NOAA-14 (1995–2000) satellites were active.
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Another noticeable feature in Figure 8 is that the difference between CN_WMO and
Clim30 is exactly identical to the difference between CN_WMO and CN_MB. This means
that the climate normals based only on the monthly mean data are exactly identical to the
30-year climatology. The data gaps in CN_WMO are driven mainly by the fulfilment of the
D5 and D11 conditions that are applied to the daily means and are not relevant to CN_MB.
This further means that no added benefit is obtained by computing the climate normals
based only on monthly means compared to the respective 30-year climatology.

4.4. Incoming Solar Radiation at the Surface (SIS)

Figure 11 shows the true climate normals of SIS and the differences with respect to
CM_MB, Clim30, and Clim40. Similar to the results shown for total cloud fraction before,
there are no differences between CN_WMO, CN_MB and Clim30. This shows the progress
made in data completeness both at the Level 2 daily and Level 3 monthly mean levels in the
CLARA-A3 climate data record. An interesting feature to note here is that the difference
between CN_WMO and Clim40 for SIS correlates well with the similar difference for the
daytime and low-level cloud fractions shown before. For example, in those regions located
off the western coasts of South America and southern Africa where the stratocumulus
clouds show statistically significant increases, the incoming surface solar radiation has
correspondingly decreased in the latter 30-year period compared to Clim40. An opposite
feature can be observed in the Indian Ocean.
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5. Conclusions

We illustrated the difference between the climate normal and climatology using
a satellite-based climate data record globally. Since the latest climate normal period
(1991–2020) falls entirely in the satellite era, it opens up new opportunities to compute
the climate normals of many different essential climate variables, going well beyond the
normals usually computed using in situ measurements for a limited number of variables
such as temperature and precipitation. Furthermore, the recent advances in data rescue,
better calibration, improved retrieval algorithms, and data completeness mean that the
satellite-based climate data records are becoming increasingly suitable for computing
climate normals at a global scale.

In this demonstrative study, we applied the WMO guidelines on data completeness
while computing the climate normals of various cloud properties and incoming surface
solar radiation provided in the CLARA-A3 climate data record. We have shown that
for certain variables, such as total cloud fraction and surface solar radiation, the climate
normals and climatologies are practically identical during the most recent 30-year period
(1991–2020). This shows the benefits of data completeness in the recent satellite era.

However, for other variables, such as daytime and nighttime cloud fractions, that
are defined using a particular threshold on solar zenith angles, the guidelines on data
completeness while computing the monthly mean parameter could be difficult to fulfil in
the mid- to higher-latitude regions. This is simply due to the fact that the daily changes
in the solar zenith angles over these regions are stronger than those in the equatorial
regions. In these cases, the climate normals based only on monthly data are the same as
climatologies, and both of them differ significantly from the true climate normals. This
means that no significant gains are obtained by computing only monthly based climate
normals. It is to be noted that these conclusions could also apply to other variables such as
cloud microphysical properties (cloud optical depth, effective radius, water path, etc.) that
are also retrieved under certain solar illumination conditions.
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The situation is even more complex for some of the other variables such as cloud top
properties that are retrieved only in the presence of clouds. There are many regions on
Earth where clouds can be absent for more than 5 days in a row or for more than 11 days in
total in a given month. Over these regions, which are located mainly in the tropical dry
belt and Antarctica, the D5 and/or D11 conditions are not fulfilled, thus leading to gaps in
climate normals.

It is clear that a wider discussion about the suitability of WMO guidelines in the
satellite era is needed to extend them in future to account for different physical conditions
pertaining to different climate variables derived from satellite-based observations. For
example, similar difficulties could also arise when computing climate normals for aerosol
properties, trace gases, surface temperatures, etc., where limited clear-sky conditions and
cloud detection sensitivity could influence the fulfilment of the D5 and/or D11 conditions.
The impact of clear-sky biases on the climate normals of these variables also needs to be
understood globally.

In spite of some local data gaps, the satellite-based climate data records show good
promise for computing climate normals globally. Having both the increasingly detailed
and the holistic perspectives from the satellite community could help enormously to better
formulate future WMO guidelines on climate normals. In future, it would be worthwhile to
investigate whether the conclusions derived based on the CLARA-A3 CDR here also hold
when other CDRs are used for computing climate normals. It would also be interesting to
intercompare the different realizations of climate normals based on different CDRs for the
same ECVs.

Since climate normals provide an observational basis for climate monitoring, especially
in the context of monitoring extreme events, further investigative studies are needed focusing
on other essential climate variables that are relevant for the sectors that impact the livelihood
and the socio-physical health of the communities. In future, we will therefore carry out a
similar study using the satellite-based observations of land surface temperature, soil moisture,
and precipitation in order to ascertain to what extent climate normals of these other essential
climate variables can be provided to the research and stakeholder communities.
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