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Abstract
The North Atlantic Oscillation (NAO) is the most recognized and leading mode of atmospheric variability observed over 
the Atlantic sector of the Northern Hemisphere, and its impacts on weather and climate over the North Atlantic and Eurasia 
via large-scale teleconnections have been extensively studied. Here we use a multidata synthesis approach to analyze surface 
and tropospheric variables from multiple long-term observational and reanalysis datasets to identify the NAO’s footprint on 
interannual temperature variability over the vast but least-studied Sahara Desert during December–January–February–March 
for the satellite era (1979–2022) and century-long periods. Our results present evidence for a solid teleconnection pattern in 
surface and tropospheric temperatures associated with the NAO over the Sahara and document some major spatial–temporal 
and vertical characteristics of this pattern. It is found that the Saharan temperature anomalies are negatively correlated with 
the NAO index and this correlation is very strong, consistent, and statistically significant between different periods and 
across different datasets. The teleconnection is closely linked to large-scale circulation anomalies throughout the troposphere 
over the North Atlantic–Sahara sector, where the anomalous horizontal wind components and geopotential height exhibit 
opposite changes in sign with altitude from the lower to upper troposphere. During the negative NAO− (positive NAO+) 
phase, above-normal (below-normal) temperatures over the Sahara could be mainly explained by three major processes: 
(1) advection of climatological warm and moist (cold and dry) air over the North Atlantic (northern higher latitudes) by the 
anomalous southwesterly (northeasterly) flow in the lower troposphere; (2) advection of anomalous North Atlantic warm 
(cold) air by the climatological strong westerlies in the middle and upper troposphere; and (3) strengthened (weakened) 
vertical mixing in the atmospheric boundary layer. These results suggest that the NAO plays an important role in modulating 
the interannual temperature variability over the Sahara, and that this NAO footprint is mostly realized through horizontal 
temperature advection and vertical heat transfer by turbulent mixing.
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1  Introduction

The harsh and hyper-arid Sahara Desert (shortly referred 
to as the Sahara hereafter) in northern Africa is the larg-
est hot desert on Earth due to the combination of regional 
continental geography and large-scale atmospheric circu-
lation patterns (Wu et al. 2009; Zhang et al. 2014; Pausata 
et al. 2020). Paleoclimate proxies indicate that the Sahara 
has undergone major hydrological fluctuations between 
wet conditions with lush trees, grasses, and permanent 
lakes, and dry conditions with limited vegetation in the 
deep past (Castañeda et al. 2009; Menviel et al. 2021). On 
geological time scales, these fluctuations are believed to 
have been initially triggered by changes in radiative forc-
ing due to gradual variations in Earth’s orbital parameters 

 *	 Liming Zhou 
	 lzhou@albany.edu

1	 Department of Atmospheric and Environmental Sciences, 
University at Albany, State University of New York (SUNY), 
1400 Washington Avenue, Albany, NY 12222, USA

2	 School of Atmospheric Sciences, Nanjing University 
of Information Science and Technology, Nanjing 210044, 
China

3	 Department of Earth, Ocean and Atmospheric Science, 
Florida State University, Tallahassee, FL 32306, USA

4	 Program in Atmospheric and Oceanic Sciences, Princeton 
University, Princeton, NJ 08540, USA

http://orcid.org/0000-0002-7009-2487
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-023-06962-w&domain=pdf


	 L. Zhou et al.

1 3

and atmospheric concentrations in greenhouse gases 
(GHGs) and sustained and enhanced by a host of remote 
and local nonlinear feedback processes involving changes 
in local vegetation and remote sea surface temperatures 
(SSTs) (Wright 2016; Pausata et al. 2020).

On interannual and decadal time scales, recent studies 
of instrumental records, reanalysis data, and climate model 
simulations have documented amplified surface warming 
over the vast Sahara and Arabian deserts in recent decades 
(Collins 2011; Cook and Vizy 2015; Zhou et al. 2015; 2016, 
2021; Zhou 2016, 2021; Vizy and Cook 2017; Evan et al. 
2015; Wei et al. 2017). This large-scale warming pattern, 
termed “desert amplification”, is attributed possibly to a 
stronger greenhouse effect over drier ecoregions in response 
to a warmer and moister atmosphere with increasing GHGs. 
Interestingly, these studies also show strong interannual 
variability in temperatures over the Sahara and Arabian 
deserts. With suppressed convection and extreme dry and 
mostly cloudless weather conditions, the subtropical deserts 
have relatively stable surface conditions in terms of surface 
albedo, vegetation, and soil moisture. On interannual time 
scales, small variations in solar insolation and anthropogenic 
GHGs cannot explain substantial year-to-year temperature 
variations over the deserts. Possibly, remote forcing, such 
as changes in SSTs and large-scale circulations, could 
be the dominant contributors to the Saharan interannual 
temperature variability.

One such contributor is the North Atlantic Oscillation 
(NAO), which has long been recognized as the dominant 
mode of winter atmospheric variability in the Northern 
Hemisphere (NH) (van Loon and Rogers 1978; Rogers and 
van Loon 1979; Barnston and Livezey 1987; Wallace and 
Gutzler 1981). The NAO is often defined by the NAO index 
(NAOI), which describes changes in the strength of two 
recurring sea level pressure (SLP) patterns over the North 
Atlantic involving the polar Icelandic Low and the subtropi-
cal Azores High (e.g., Hurrell 1995, 1996; Visbeck et al. 
2001). Positive NAOI values (i.e., positive NAO phases) 
correspond to above-normal SLP and geopotential height 
(GPH) over the central North Atlantic and western Europe, 
and below-normal SLP and GPH across the high-latitude 
North Atlantic. In contrast, negative NAOI values (i.e., nega-
tive NAO phases) exhibit the opposite patterns over these 
regions. Both positive and negative NAO phases are associ-
ated with basin-wide changes in the intensity and location 
of jet streams and storm tracks, and in large-scale modula-
tions of the normal patterns of zonal and meridional heat and 
moisture transport (Hurrell 1995, 1996). These changes and 
modulations result in considerable anomalies in temperature, 
moisture, and precipitation on a wide range of time scales 
from days to centuries in Europe, Greenland, North Amer-
ica, and northern Asia (e.g., Hurrell 1995, 1996; Visbeck 

et al. 2001; Hurrell and Deser 2009; Moulin et al. 1997; Ma 
and Zhang 2018; Nie et al. 2020).

Fluctuating atmospheric and oceanic conditions 
associated with the NAO in the North Atlantic region have 
strong impacts on surrounding regions and weather and 
climate in downstream and remote regions across the NH 
(Visbeck et al. 2001; Li and Ruan 2018). The NAO exerts 
dominant impacts on wintertime temperatures across much 
of the NH, and its variability is significantly correlated with 
surface air temperature and SSTs across wide regions of the 
North Atlantic Ocean, North America, the Arctic, Eurasia, 
and the Mediterranean (Hurrell 1995, 1996; Hurrell et al. 
2003; Pinto and Raible 2012). Considering its proximity to 
the North Atlantic Ocean and direct exposure to the North 
Atlantic atmospheric circulation, the Sahara is likely to be 
subject to the influences of the NAO.

Among many published papers related to the NAO, only 
several have examined the NAO’s impacts over Africa. 
In terms of precipitation, Meehl and van Loon (1979) 
first demonstrated an association between the NAO and 
the position of the intertropical convergence zone during 
December–February over Africa; Lamb and Peppler (1987) 
noted a significant inverse relationship in the interannual 
variations between the NAOI and Moroccan boreal winter 
precipitation, driven by the southward displacement of the 
North Atlantic storm track and precipitation-bearing storms 
when the North Atlantic westerlies are weak; and McHugh 
and Rogers (2001) described negative and highly significant 
correlations between the NAOI and December–February 
rainfall variability over southeastern Africa (0°–16°S and 
25°–40°E), due to anomalous moisture and circulation fields 
associated with the positive/negative NAO phases. In terms 
of temperature, Hurrell et al. (2003) briefly mentioned the 
cooling of North Africa and the Middle East when the NAOI 
is positive in explaining their Fig. 13; Nigam and Baxter 
(2015) showed in their Fig. 4 that the strongest impacts of 
the NAO on surface temperature emerge over Europe and 
northern Africa, and the positive NAO results in above-nor-
mal temperatures over nearly all of Europe, while below-
normal temperatures prevail from Saharan Africa east-
northeastward to the eastern Mediterranean, Middle East, 
and the Arabian Peninsula; and Clark and Feldstein (2020a) 
illustrated in their Fig. 1 the composite surface temperature 
anomaly patterns for the positive and negative NAO phases 
in the NH including North Africa from the ERA-Interim 
reanalysis. However, the focus of these three papers is on 
the NH and particularly, only one sentence is mentioned 
when referring to one plot showing the Saharan temperature 
anomalies associated with the NAO phases in each paper.

Although the structure of the prominent teleconnec-
tion patterns such as the NAO has been known for several 
decades, the physical mechanisms that govern the NAO 
and its variability and how the NAO responds to external 
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forcing are not yet well understood and still under debate 
(e.g., Visbeck et al. 2001; Nigam and Baxter 2015; Hurrell 
et al. 2003). To date, the NAO’s impacts on weather and cli-
mate anomalies have been often attributed to NAO-induced 
large-scale circulation anomalies and associated zonal and 
meridional heat and moisture transport (Hurrell 1995, 1996; 
Hurrell et al. 2003; Nigam and Baxter 2015). The physi-
cal mechanisms in explaining the NAO impacts on surface 
air temperature (SAT) are summarized in Clark and Feld-
stein (2020a). According to Clark and Feldstein (2020a), 
past studies have concluded that SAT anomaly patterns for 
both positive and negative NAO phases are mainly driven by 
horizontal temperature advection (e.g., van Loon and Rog-
ers 1978; Rogers and van Loon 1979; Wallace and Gutzler 
1981; Watanabe 2004; Woollings et al. 2008; Hurrell et al. 
2003; Nigam and Baxter 2015). This viewpoint is consistent 
with maps of anomalous SLP, from which the implied direc-
tion of the anomalous winds relative to the climatological 
temperature gradient suggests the observed SAT anomaly 
pattern. In addition, the spatial pattern of horizontal tem-
perature advection associated with the NAO resembles the 
NAO’s SAT anomaly pattern, further confirming this view-
point (e.g., Clark and Feldstein 2020b).

To attribute the NAO impacts on both surface and 
atmospheric temperature anomalies, Clark and Feldstein 
(2020a, b) conducted a comprehensive composite analysis 
of the thermodynamic energy equation over the NH using 
ERA-Interim reanalysis. They found that the advection 
of the climatological temperature field by the anomalous 
wind makes the largest contribution to the NAO-driven 
temperature anomaly patterns throughout the troposphere, 
while the advection of anomalous temperature by the 
climatological wind is the most important contributor to 
temperature changes in the upper troposphere. In addition, 
they included a detailed analysis of all major heating 
processes over four selected regions, including northern 
Africa where the diabatic heating term of vertical mixing 
mainly opposes the horizontal temperature advection in 
the boundary layer, while latent heating plays a minor role. 
Clark and Feldstein (2020b) also showed that anomalous 
adiabatic warming/cooling largely opposes NAO-related 
temperature anomaly growth over the Sahara (their Fig. 3), 
a finding they note to be consistent with the quasigeostrophic 
omega equation. In other words, when the NAO is active, 
suppressed (enhanced) subsidence coincides with warm 
(cold) air advection over the Sahara.

Despite its importance to Earth’s weather and climate, 
the Sahara has a significant data gap which fundamentally 
inhibits our understanding of the Saharan meteorology 
because of inadequate observations available for data 
collection, assimilation, or model validation (Washington 
et al. 2013; Zhou 2021). Consequently, our understanding 
of the Saharan climate and our modeling capacities are 

very limited with large uncertainties, and there is a critical 
need to overcome this limitation and fill in our knowledge 
gap using more independent datasets and methods over 
the data-scarce Sahara. The recent availability of several 
observational and reanalysis datasets with improved quality 
and longer periods provides a great opportunity to validate 
and further understand the NAO impacts on Saharan 
temperature variability.

As the center of the subtropical Azores High spans 
the central North Atlantic and much of North Africa, we 
expect to see the NAO footprint in key weather variables 
such as SLP and surface temperature over the Sahara. The 
aforementioned studies, however, have not completely 
addressed how the NAO impacts the Saharan interannual 
temperature variability. Furthermore, previous studies of 
NAO impacts have mostly focused on temperature and 
precipitation in the northern middle and high latitudes; 
among the few studies related to Africa the emphasis has 
been on rainfall. In order to elaborate on the NAO’s impacts 
on temperature over northern Africa as touched upon 
previously by several studies, here we present the very first 
comprehensive and detailed regional study of the NAO 
teleconnection patterns over the vast Sahara.

The motivation for this study is threefold. The first goal 
is to use a multidata synthesis approach from an ensem-
ble of different observational and reanalysis datasets with 
improved quality to corroborate previous findings of the 
NAO’s impacts on surface temperatures. By considering 
both the sign and statistical significance of the NAO-induced 
anomalies, we look for the NAO signal that is robust and 
consistent to increase our confidence in the obtained results. 
The second goal is to investigate the robustness and per-
sistence of the NAO’s impact on Sahara temperatures and 
assess the uncertainty using different datasets with much 
longer records. In particular, we will compare the results 
from the satellite era to those from several century-long 
observational datasets and account for errors in the fore-
cast model and uncertainties in observations and differences 
in construction methods using two century-long ensemble 
reanalyses. The third goal is to examine both surface and 
tropospheric variables to understand the vertical structure 
of tropospheric air temperature changes associated with the 
NAO over the Sahara. Previous studies have focused mostly 
on surface temperatures, but temperature changes are not 
limited to the Earth surface and can be extended into the free 
atmosphere (Zhou 2021). The vertical structure of tempera-
ture changes can tell a whole story of the NAO’s impacts. 
Our primary focus is to document the NAO teleconnection 
patterns over the vast Sahara and establish their spatiotem-
poral and vertical features on interannual time scales, while 
the possible physical mechanisms are developed mostly by 
synthesizing our results with previous research.
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2 � Data and methods

2.1 � Study region and periods

The emphasis of this study is on: (1) the Sahara Desert, 
but hemispheric analyses are also performed to identify 
the large-scale features of NAO teleconnections, which 
can be validated with previous findings; (2) the four win-
ter months, December–January–February–March (DJFM), 
when the NAO signal is strongest (e.g., Hurrell 1995, 1996; 
Hurrell et al. 2003; Visbeck et al. 2001; Pinto and Raible 
2012). The study is focused on two periods. The first one 
covers the modern satellite era from 1979 to 2022, to maxi-
mize the data coverage of various measurements used in 
observational and reanalysis products over the data-scarce 
desert regions (Zhou 2021). The second period extends the 
satellite-era study back as early as 1864 to maximize the 
temporal coverage of in-situ measurements to a much longer 
time scale. As the NAO’s impacts are not limited only to the 
surface, the atmospheric variables in the troposphere will 
also be analyzed.

2.2 � Observational and reanalysis datasets

We examine two widely used and independently derived 
monthly NAOI datasets from observations. The first 
one is station-based using the difference of normalized 
SLP between Lisbon, Portugal, and Stykkisholmur/
Reykjavik, Iceland, for the period 1864–2022, provided 
by the National Center for Atmospheric Research (NCAR) 
(https://​clima​tedat​aguide.​ucar.​edu/​clima​te-​data/). The 
second one is obtained by projecting the NAO loading 
pattern onto monthly mean 500 hPa GPH anomalies for 
the period 1950–2022 over the NH based on a Rotated 
Empirical Orthogonal Function analysis and standardized 
by the 1950–2000 base period monthly means and standard 
deviations (Barnston and Livezey 1987; van den Dool 
et al. 2000; Chen and van den Dool 2003), provided by the 
National Oceanic and Atmospheric Administration (NOAA) 
(https://​www.​ncdc.​noaa.​gov/​telec​onnec​tions/​nao/). These 
two standardized NAOI datasets are hereafter referred to as 
the NCAR and NOAA NAOI, respectively.

The latest versions of two well-documented global 
gridded monthly mean surface temperature datasets are 
analyzed. The first one is NASA’s Goddard Institute for 
Space Studies (GISS) Surface Temperature Analysis version 
4 (GISTEMP v4) on a 2° latitude by 2° longitude grid for the 
period 1880–2022 (https://​data.​giss.​nasa.​gov/​giste​mp/). It is 
produced by combining satellite observations, SST records 
from the Extended Reconstructed Sea Surface Temperature 
version 5 (ERSSTv5) dataset, and meteorological station 
measurements from the NOAA’s Global Historical 

Climatology Network (GHCNv4) (GISTEMP Team 2021; 
Lenssen et al. 2019). The second dataset is the Berkeley 
Earth Surface Temperatures (BEST) on a 1° latitude by 1° 
longitude grid for the period 1850–2022 (https://​berke​leyea​
rth.​org/​data/). It is created by combining the Berkeley Earth 
monthly land temperature field with the spatially kriged 
version of the Met Office Hadley Centre’s SST dataset 
(HadSST3) (Rohde and Hausfather 2020). The BEST is 
intended to provide an alternative, independent assessment 
of global surface temperature, separate from the analyses of 
NOAA and NASA. Note that both datasets are developed by 
combining 2 m surface air temperature over land with SSTs 
over ocean. These two observational surface temperature 
datasets are hereafter referred to as the GISS and Berkeley 
temperatures, respectively.

The Global Historical Climatology Network Monthly 
Version 4 (GHCNMv4) contains monthly mean 
temperatures for over 26,000 stations across the globe 
for the period 1880–2022 (https://​www.​ncei.​noaa.​gov/​
pub/​data/​ghcn/​v4/). The GHCNMv4 is the NOAA’s latest 
station-based dataset that uses the same quality control and 
bias correction algorithms as version 3 but has included a 
greatly expanded set of stations (Menne et al. 2018). It is 
updated periodically using comprehensive data collections 
of increased global area coverage over both land and 
ocean surfaces to provide the most accurate depiction of 
environmental conditions and has been frequently used 
in global gridded datasets, and NOAA’s monthly climate 
reports as well as other national and international climate 
assessments. This study uses 2 m air temperatures of 53 
weather stations over the Sahara from the GHCNMv4 and 
the regional averaged monthly temperature anomalies 
from these stations are calculated to study the long-term 
Saharan temperature variability (1880–2022). Note that 
this regional mean temperature anomaly time series may 
be subject to inhomogeneities because these weather 
stations are concentrated in limited areas and differ in 
temporal coverage (e.g., Cook and Vizy 2015; Zhou 2021). 
As stated previously, it has been challenging to study 
climate change in data-sparse regions such as the Sahara 
due to the lack of high-density and temporally consistent 
long-term in situ measurements. Nevertheless, this dataset, 
together with the others introduced in this section, are used 
here as sources of information about surface temperature 
variability over the Sahara. This station-based dataset is 
hereafter referred to as the GHCNMv4 temperatures.

We use the 5th generation European Centre for 
Medium-Range Weather Forecasts (ECMWF) Reanalysis 
(ERA5; Hersbach et al. 2020), a state-of-the-art global 
atmospheric reanalysis dataset spanning the period 
1979–2022. The ERA5 is produced by combining vast 
amounts of historical observations into global estimates 

https://climatedataguide.ucar.edu/climate-data/
https://www.ncdc.noaa.gov/teleconnections/nao/
https://data.giss.nasa.gov/gistemp/
https://berkeleyearth.org/data/
https://berkeleyearth.org/data/
https://www.ncei.noaa.gov/pub/data/ghcn/v4/
https://www.ncei.noaa.gov/pub/data/ghcn/v4/
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using advanced modeling and data assimilation systems 
(C3S, 2017). The ERA5 monthly mean meteorological 
fields analyzed consist of (1) three-dimensional data on 
pressure levels: temperature (ºC), specific humidity (g 
kg−1), horizontal wind (u and v, m s−1), vertical velocity 
(ω, Pa s−1), and GPH (m); and (2) two-dimensional data on 
single levels: mean SLP (hPa), 2 m air temperature (°C), 
2 m specific humidity (g kg−1), 10 m horizontal wind (m 
s−1), and SST (ºC), on a 1° longitude × 1° latitude grid. To 
be consistent with the GISS and Berkeley temperatures, 
the corresponding ERA5 surface temperatures are devel-
oped by combining the ERA5 2 m air temperatures over 
land with SSTs over oceans. The ERA5 offers data on 37 
pressure levels and here we only consider the following 12 
mandatory pressure levels: 1000, 925, 850, 700, 600, 500, 
400, 300, 250, 200, 150, and 100 hPa. Note that 100 hPa 
is below the tropopause over the Sahara and so all these 
levels are confined to the troposphere. For subsequent ref-
erence, we broadly divide the troposphere into three layers 
(e.g., Lau and Kim 2015): the lower troposphere (below 
700 hPa), the middle troposphere (from 700 to 400 hPa), 
and the upper troposphere (above 400 hPa).

We also considered utilizing the second Modern-Era 
Retrospective Analysis for Research and Applications 
(MERRA-2) for the period 1980–2022, a NASA atmospheric 
reanalysis making enhanced use of satellite observations 
(Gelaro et al. 2017). However, the results are very similar to 
those in the ERA5 and thus are not included here to avoid 
redundancy.

In addition, this study analyzes two widely-used century-
long climate reanalyses to examine the robustness and per-
sistence of the teleconnection patterns identified from the 
modern-era reanalyses: (1) the NOAA–CIRES–DOE Twen-
tieth Century Reanalysis version 3 (20CRv3) provided by 
the NOAA/Physics Science Laboratory (PSL) (Slivinski 
et al. 2019); (2) the Coupled Reanalysis for the 20th Cen-
tury (CERA-20C) provided by the ECMWF (Laloyaux et al. 
2018). The 20CRv3 is produced by assimilating only sur-
face pressure observations and prescribing sea surface tem-
perature, sea ice concentration, and radiative forcings into 
NOAA’s Global Forecast System to estimate the most likely 
state of the global atmosphere from 1806 to 2015. It contains 
objectively analyzed 4-dimensional weather maps and their 
uncertainty from a set of 80-member ensemble analyses. The 
20CRv3 dataset consists of the ensemble mean and standard 
deviation (or ensemble spread) for each variable on a 1° 
longitude × 1° latitude grid (http://​apdrc.​soest.​hawaii.​edu/​
datad​oc/​20cen​tury_​reana​lysis​V3.​php). The CERA-20C is 
produced by ECMWF’s coupled ocean–atmosphere assimi-
lation system that assimilates only surface pressure, ocean 
surface winds, and ocean temperature and salinity measure-
ments with the fifth phase of the Coupled Model Intercom-
parison Project (CMIP5) atmospheric forcing to reconstruct 

the past weather and climate of the Earth system covering 
the period 1901–2010. The CERA-20C reanalysis and its 10 
ensemble members at a horizontal resolution of 1° are avail-
able at https://​www.​ecmwf.​int/​en/​forec​asts/​datas​ets/​reana​
lysis-​datas​ets/​cera-​20c. The two reanalyses with multiple 
ensemble members can provide an assessment of both model 
and observation uncertainty. It is worth noting that these two 
century-long reanalyses rely on a consistent (but restricted) 
set of long-term observations and do not assimilate upper-
air (i.e., radiosonde) and modern-era satellite observations 
(post-1979) to avoid possible spurious artificial trends due 
to changes in the underlying observational network (Thorne 
and Vose 2010). Therefore, they differ substantially and 
independently from modern-era reanalyses (e.g., ERA5 
and MERRA-2) constrained by a full suite of observational 
datasets (Wohland et al. 2020; Agrawal et al. 2021). Here 
monthly mean 2 m surface air temperatures from both rea-
nalyses are examined as the reanalyses are constrained by 
surface observations and the NAO has the strongest impact 
on surface variables (Sect. 3).

2.3 � Data processing and methods

Among the above five global gridded datasets (i.e., 
Berkeley, GISS, ERA5, 20CRv3, and CERA-20C), GISS 
has a coarser spatial resolution and so is re-projected 
onto the common 1° by 1° grid boxes of the other four 
datasets using bilinear interpolation. For a given variable, 
the monthly mean anomaly from January to December 
in each year is first calculated by subtracting its monthly 
climatology from the monthly mean; the monthly mean 
anomalies are then averaged for the four winter months 
December–January–February–March (DJFM), i.e., 
December of previous year and January to March of current 
year, to obtain the yearly DJFM mean anomaly time series 
for the study periods.

This study is concerned with interannual temperature 
variability and so the long-term warming trend during the 
study periods should be excluded. The least squares linear 
trend is estimated and removed from the satellite-era time 
series of DJFM anomalies whose warming trends are close 
to a straight line. A high-pass filter could be used to remove 
the decadal variability (e.g., for a frequency longer than 
7 years) for the century-long time series of data, but this 
filtering has a very limited impact on the results presented 
and so is not considered.

To identify the teleconnection patterns associated with 
the NAO, we primarily use correlation analysis to quantify 
the relationship between two variables (e.g., Wallace and 
Gutzler 1981; Lamb and Peppler 1987; McHugh and Rogers 
2001; Pinto and Raible 2012; Nigam and Baxter 2015; Li 
and Ruan 2018). For example, the NAOI can be correlated 
with the GPH and wind anomalies to establish the NAO 

http://apdrc.soest.hawaii.edu/datadoc/20century_reanalysisV3.php
http://apdrc.soest.hawaii.edu/datadoc/20century_reanalysisV3.php
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/cera-20c
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/cera-20c
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teleconnection patterns with large-scale circulation anoma-
lies. A Student’s-t test is used to assess the statistical signifi-
cance (p value) of the correlation coefficient (R).

Composite analysis is often used to identify the telecon-
nection patterns associated with positive and negative NAO 
phases (e.g., Wallace and Gutzler 1981; Hurrell 1995, 1996; 
Visbeck et al. 2001; Pinto and Raible 2012; Martineau et al. 
2020). Figure 1a shows interannual variations in the stand-
ardized DJFM NAOI for the period 1979–2022 from the 
NCAR and NOAA datasets, indicating strong year-to-year 
variations between positive and negative NAO phases and a 
record-breaking negative NAOI in 2010 (e.g., Osborn 2011) 
during the 44-year period. Here we define the representative 
positive NAO (i.e., NAO+) and negative NAO (i.e., NAO−) 
phases as the years with the standardized NAOI > + 1 STD 
and < − 1 STD, respectively, from both the NCAR and 
NOAA datasets. There are six NAO+ years: 1983, 1989, 
1995, 2012, 2015, and 2020, and six NAO− years: 1979, 
1996, 2001, 2010, 2011, and 2013, chosen for composite 
analysis. Evidently, the two NAOI datasets are highly cor-
related (R = 0.92, p < 0.001) and so their average standard-
ized NAOI is hereafter used to represent the observed NAOI 
during the satellite era.

The statistical significance of the composite anomalies is 
estimated based on Monte Carlo simulation (Qin et al. 2020). 
For a given time series of 44 years of data (e.g., temperature) 
from 1979 to 2022, the difference between the composite 
mean from the 6 years of NAO+ (NAO−) phases and the 
mean of any randomly chosen 6 years is tested for statistical 

significance, as follows, First, we randomly choose 6 years 
from the 44 years of anomaly data and calculate the 6-year 
mean of anomalies. We repeat this process 1000 times and 
obtain an empirical distribution of the 1000 6-year means. 
Second, we calculate the actual composite mean from the 
6 years of NAO+ (or NAO−) phases, respectively. If the 
actual composite mean exceeds the 95th percentile or is less 
than the 5th percentile of the empirical distribution, the com-
posite anomalies from NAO+ and NAO− phases are con-
sidered statistically significant at the 10% level (p < 0.10). 
Here the level of statistical significance is chosen as 10% 
for the composite analysis, rather than 5% for the correla-
tion analysis, due to the small sample size of our composite.

Regional mean quantities for the Sahara are calculated 
using area-weighted averaging over the inner domain 
of the desert, which corresponds to the green rectangle 
(20°N–30°N, 15°W–35°E) depicted in Fig. 3c, following 
previous studies (e.g., Cook and Vizy 2015; Vizy and Cook 
2017; Evan et al. 2015). The regional mean temperature 
anomaly time series is termed the Saharan temperature index 
(STI).

It is reasonable to believe that the modern-era reanalyses 
are of high quality in describing the past atmospheric con-
ditions by combining vast amounts of historical observa-
tions into global estimates using advanced modelling and 
data assimilation systems. Hence, our regionally focused 
analyses of atmospheric variables over the Sahara are only 
done with the ERA5. Note that the NAO footprint on the 
Saharan temperatures is most evident in the troposphere and 
so our discussion is concerned with this layer of the atmos-
phere. In addition, every variable analyzed in this study is 
a 4-monthly mean quantity during DJFM, and for brevity, 
the term ‘‘DJFM’’ is often omitted for the remainder of this 
paper.

3 � Results and discussion

3.1 � Large‑scale teleconnection patterns 
during the satellite era

In this subsection we analyze the large-scale teleconnection 
patterns on hemispheric scales for the period 1979–2022 to 
gain some background knowledge before focusing on our 
regional study domain. It is essential that ERA5 can cap-
ture the major observed features in interannual temperature 
variability before being used for further diagnostic analy-
sis. Note that the standardized averaged NAOI from the 
two NAOI datasets is used to represent the observed NAOI 
(Fig. 2).

Figure  2 displays interannual variations in STI 
and NAOI for the period 1979–2022. Despite strong 

Fig. 1   Interannual variations in standardized NAOI during DJFM 
for the period a 1979–2022 and b 1864–2022 from the NCAR and 
NOAA datasets. The one standard deviation (± 1 STD) lines (in gray) 
are drawn for reference. The correlation coefficient (R) and its signifi-
cance level (p value) between the two indices are shown
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interannual variations, the NAOI is significantly correlated 
negatively with the temperatures from GISS (R = − 0.78, 
p < 0.001), Berkeley (R = − 0.79, p < 0.001), and ERA5 
(R = − 0.80, p < 0.001), indicating above-normal (below-
normal) temperature anomalies during the NAO− (NAO+) 
phases. Clearly, the three surface temperature datasets 
show almost identical variability, so that the average STI 

from the two observational datasets (Berkeley and GISS) 
is hereafter used to represent the observed STI during the 
satellite era unless otherwise specified.

Figure 3a–c show the spatial pattern of correlation 
(R) between NAOI and gridded surface temperatures in 
the NH from the GISS (Fig. 3a), Berkeley (Fig. 3b), and 
ERA5 (Fig.  3c) datasets. Evidently, all three datasets 
exhibit similar large-scale spatial features across the NH, 
characterized predominantly by bipolar teleconnection 
patterns over land (e.g., Stephenson et  al. 2003). 
Statistically significant positive correlations are seen 
over much of the U.S., Europe, and northern Asia, while 
statistically significant negative correlations are observed 
over northern Canada, Greenland, northern Africa, the 
Middle East, and southwestern Asia. Regionally, the 
NAO footprint on SSTs reveals a characteristic tripolar 
pattern over the North Atlantic Ocean, with negative 
correlations in the subpolar region, positive correlations 
in the subtropics, and again negative correlations in the 
tropics. The large-scale coherence in negative correlations 
over northern Africa and the Middle East is compelling. In 
contrast, the correlations of the NAOI with the Southern 
Hemispheric temperatures are very weak and statistically 
insignificant (not shown for brevity), consistent with 
previous findings that the NAO is primarily confined to 
the NH (e.g., Visbeck et al. 2001; Hurrell et al. 2003; Pinto 
and Raible 2012; Nigam and Baxter 2015).

One alternative way to test whether the NAO is the 
dominant factor in controlling the Saharan interannual 

Fig. 2   Interannual variations in standardized NAOI (Fig. 1) and Saha-
ran temperature index (STI) for the period 1979–2022 from the GISS, 
Berkeley, and ERA5. The STI is calculated as the regional mean 
temperature anomalies averaged over the inner domain of the Sahara 
Desert (20°N–30°N, 15°W–35°E, depicted in Fig.  3c). The one 
standard deviation (± 1 STD) lines (in gray) are drawn for reference. 
The correlation (R) and its significance level (p value) between the 
NAOI and temperature anomalies are shown. The NAOI is the aver-
age standardized NAOI from the NCAR and NOAA NAOI (Fig. 1a)

Fig. 3   Spatial patterns of cor-
relation between NAOI (Fig. 2) 
and surface temperature in the 
Northern Hemisphere (NH) for 
the period 1979–2022 from the 
three temperature datasets: a 
GISS, b Berkeley, and c ERA5. 
Stippling indicates that the 
correlation coefficient is statisti-
cally significant at the 5% level 
(p < 0.05). The green rectangle 
(20°N–30°N, 15°W–35°E) 
depicted in Fig. 3c represents 
the inner domain of the Sahara 
Desert where regional mean 
quantities are calculated. The 
surface temperatures in the 
three datasets are created by 
combining 2 m surface air tem-
perature over land with SSTs 
over ocean. d–f are the same as 
a–c except for the correlation 
with the observed STI, which 
is the average STI from the two 
observational datasets (Berkeley 
and GISS) (Fig. 2)
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temperatures is to do a similar correlation analysis as in 
Fig. 3a–c but replacing the NAOI by the STI. The spatial 
patterns of this correlation (Fig. 3d–f) are almost identical 
to those in Fig. 3a–c except with opposite signs, which is 
expected given the strong negative correlation between 
the NAOI and STI (Fig.  2). The nearly perfect spatial 
correspondence with opposite correlations over almost every 
grid between Fig. 3a–c and d–f highlights the dominant 
role of the NAO in influencing the Saharan interannual 
temperatures.

Figure 4a–d show the spatial patterns of correlations of 
the NAOI with SLP and GPH at three tropospheric levels in 
the NH between 90°W and 90ºE from the ERA5. Strong and 
significant negative correlations in SLP and 850 hPa GPH 
with the NAOI are seen throughout the Arctic, while strong 

and significant positive correlations are observed across the 
subtropical and tropical Atlantic. The largest correlation 
centers are associated with the Icelandic Low and the Azores 
High. The NAO signal is consistent with its historical char-
acterization as a north–south dipole in SLP that represents 
out-of-phase fluctuations of the Icelandic Low and Azores 
High. These dipolar patterns in SLP/GPH are predominantly 
equivalent barotropic with a high degree of vertical coher-
ence over the North Atlantic–European sector (e.g., Pinto 
and Raible 2012; Nigam and Baxter 2015). Over the North 
Atlantic–Sahara sector, positive correlations cover almost 
the entire Sahara at the surface and in the lower troposphere, 
but these positive correlations transition into negative cor-
relations in the middle and upper troposphere over much of 
the Sahara.

Fig. 4   Spatial patterns of 
correlation (shading in color) 
between NAOI (Fig. 2) and a 
SLP (hPa), and b–d GPH (m) 
at 850, 500, and 300 hPa for 
the period 1979–2022 from 
the ERA5. Stippling indicates 
that the correlation coefficient 
is statistically significant at the 
5% level (p < 0.05). The contour 
lines in black indicate the clima-
tological values of SLP in a and 
GPH in b–d. e–h are the same 
as a–d except for the correlation 
with the observed STI (Fig. 3)
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Figure 4e–h are the same as Fig. 4a–d except for the cor-
relations with the STI. As expected, the correlation patterns 
resemble those in Fig. 4a–d except with opposite signs given 
the strong negative correlation between the NAOI and STI 
(Fig. 2).

The results in this subsection reaffirm previous studies 
on the hemispheric-scale teleconnection patterns between 
the NAO and surface temperature in the NH (e.g., Hurrell 
et al. 2003; Nigam and Baxter 2015; Clark and Feldstein 
2020a) and reveal that the ERA5 surface temperature has 
reproduced the observed teleconnection patterns from the 
Berkley and GISS temperatures (Figs. 2, 3). At regional 
scales, two major features stand out over our study domain. 
One is the strong and significant negative NAOI–STI cor-
relations (Fig. 2), indicating warmer (colder) surface tem-
peratures than climatology over the Sahara during the 
NAO− (NAO+). The other is the large-scale coherent and 
zonally oriented patterns of statistically significant correla-
tions that extend eastward from the tropical and subtropical 
North Atlantic to the Sahara (Figs. 3, 4), suggesting a strong 
link between the Saharan temperatures and the North Atlan-
tic SSTs via the NAO teleconnections.

3.2 � Large‑scale teleconnection patterns on much 
longer time scales

For comparison and validation, in this subsection we 
will perform similar analyses as done above but on much 
longer time scales. For the observational temperatures, 
our analysis goes back to 1880, before which there are 
not adequate observations to make accurate temperature 
estimation. For the reanalysis data, our analysis goes 
back as far as 1864 when the UCAR NAOI becomes first 
available. We compare the results from the satellite era to 
those from several century-long datasets and account for 
uncertainties in observations and differences in construction 
methods (Dalelane et al. 2023). It is essential that similar 
teleconnection patterns in Sect. 3.1 can be reproduced by the 
century-long datasets if the NAO is the dominant contributor 
to the Saharan temperature interannual variability.

Figure 5 shows interannual variations in STI averaged 
from 53 weather stations over the Sahara from the GHC-
NMv4, together with the NOAA and NCAR NAOI (Fig. 1b). 
Despite strong interannual and decadal variations, the 
temperatures is significantly correlated negatively with 
the NCAR NAOI for the period 1880–2022 (R = − 0.71, 
p < 0.001) and the NOAA NAOI for the period 1950–2022 
(R = − 0.82, p < 0.001). Evidently, these correlations are 
similar in sign and comparable in magnitude to those in the 
satellite era (Fig. 2).

Note that there is a strong and significant correlation 
(R = 0.97, p < 0.001) between the two NAOI for the 
overlapping period 1950–2022 (Fig. 1b), which is slightly 
larger than that in the satellite era (R = 0.92, p < 0.001; 
Fig. 1a), indicating great similarity and consistency between 
these two NAOI datasets. The NCAR NAOI (Fig. 1b) is 
mainly used next to represent the observed NAOI due to its 
long data record.

Figure 6a illustrates interannual variations in STI from 
the GISS and Berkeley, together with the NCAR NAOI for 
the period 1880–2022. Like Fig. 5, the NAOI correlates 
strongly and significantly with the temperatures from the 
GISS (R = − 0.63, p < 0.001) and Berkeley (R = − 0.71, 
p < 0.001). The spatial patterns of correlation between 
NCAR NAOI and surface temperatures from the GISS 
(Fig. 6b) and Berkeley (Fig. 6d) exhibit large-scale telecon-
nection patterns similar to those during the satellite era 
(Fig.3a–c), except small regional differences. For example, 
the tripolar pattern in the NAOI-SST correlations over the 
North Atlantic (Fig. 6b, d) are similar to that in Fig. 3a–c but 
the correlations in the subtropics are much weaker in mag-
nitude and smaller in spatial extent; the widespread nega-
tive correlations over northern Africa, the Middle East, and 
southwestern Asia are comparable to those in Fig. 3a–c. As 
expected, the spatial patterns of correlation between STI and 
surface temperatures from the GISS (Fig. 6c) and Berkeley 
(Fig. 6e) are almost identical to those in Fig. 6b, d except 
with opposite signs. Again, the nearly perfect spatial corre-
spondence with opposite correlations between Fig. 6b, d and 
c, e reaffirm the dominant role of the NAO in influencing the 

Fig. 5   Interannual variations in 
standardized NAOI and STI for 
the period 1880–2022 from the 
GHCNMv4, where there are 53 
weather stations over the inner 
domain of the Sahara Desert 
(20°N–30°N, 15°W–35°E) used 
to calculate the STI. The cor-
relation (R) and its significance 
level (p value) between the two 
NAOI and STI are shown
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Saharan interannual temperature variability on much longer 
time scales.

Figure  7a shows interannual variations in STI from 
the 20CRv3 and NCAR NAOI for the period 1864–2015. 
Despite strong interannual and decadal variations, the NAOI 
is significantly correlated negatively with the ensemble mean 
STI (R = − 0.76, p < 0.001). As the 20CRv3 only provides 
the ensemble mean and spread, individual ensemble member 
reanalyses cannot be examined. However, the time-varying 
ensemble spread is very small in comparison to the ensem-
ble mean and so will not modify the overall strong negative 
correlation. The spatial patterns of correlation of ensemble 
mean surface temperatures with the NCAR NAOI (Fig. 7b) 
and STI (Fig. 7c) exhibit similar large-scale teleconnection 
patterns as observed (Fig. 6b–e).

Figure 8a displays interannual variations in STI from the 
CERA-20C and the NCAR NAOI for the period 1901–2010. 
Like Fig. 7a, despite strong interannual and decadal varia-
tions, the NAOI corelates significantly with the ensemble 
mean STI (R = − 0.76, p < 0.001). The 10 ensemble member 
analyses can be used to assess the ensemble spread for this 
correlation to better account for errors in the forecast model 
and uncertainties in the observational data assimilation. 
The ensemble spread in the CERA-20C gradually decreases 

over time, indicating increased confidence in the reanalysis 
state as the quantity and quality of assimilated observations 
improve with time (Dai and Wright 2021). Overall, the time-
varying ensemble spread is relatively small in comparison 
with the ensemble mean and so the correlations of NAOI 
with the individual members and the ensemble mean range 
between − 0.77 and − 0.79, with all being statistically signif-
icant (p < 0.001). The small ensemble spread indicates that 
uncertainties in observations and differences in construction 
methods have a minor role in affecting the Saharan tempera-
ture variability. Again, the spatial patterns of correlation of 
ensemble mean surface temperatures with the NCAR NAOI 
(Fig. 8b) and STI (Fig. 8c) exhibit similar large-scale tel-
econnection patterns as observed (Fig. 6b–e).

In this subsection, we have compared the time evolution 
of teleconnection patterns of the NAO with temperatures 
from three observational datasets (GISS, Berkely and 
GHCNMv4) and two century-long reanalyses (20CRv3 
and ERA20C) on much longer time scales. All datasets 
contain strong interannual and decadal (and multi-decadal) 
variability and show the maximum temperature anomalies 
along with the minimum NAOI in 2010 during the entire 
study periods. Despite some small discrepancies at regional 
scales, the large-scale teleconnection patterns, particularly 

Fig. 6   a Interannual varia-
tions in standardized NCAR 
NAOI and STI for the period 
1880–2022 from the GISS 
and Berkeley. The correlation 
(R) and its significance level 
(p value) between NAOI and 
STI are shown. b, d Spatial 
patterns of correlation between 
the NCAR NAOI and surface 
temperature for the period 
1880–2022 from b GISS and d 
Berkeley. c, e are the same as 
b, d except for the correlation 
with the STI. Stippling indicates 
that the correlation coefficient is 
statistically significant at the 5% 
level (p < 0.05)
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Fig. 7   a Interannual varia-
tions in standardized NCAR 
NAOI and STI for the period 
1864–2015 from the 20CTv3 
80-member ensemble mean 
and its one standard deviation 
(STD). The correlation (R) and 
its significance level (p value) 
between NAOI and STI are 
shown. b Spatial patterns of 
correlation between the NCAR 
NAOI and surface temperature 
during DJFM for the period 
1864–2022 from the 20CTv3 
ensemble mean. c Is the same 
as b except for the correlation 
with the STI. Stippling in b and 
c indicates that the correlation 
coefficient is statistically signifi-
cant at the 5% level (p < 0.05)

Fig. 8   Same as Fig. 7 except 
for the 10-member ensemble 
reanalyses and their ensemble 
mean from the CERA-20C
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over the North Atlantic–Sahara sector, are similar and 
consistent among different datasets and between the 
satellite era and century-long periods. The broadly similar 
teleconnection patterns across different datasets and the 
small ensemble spread among individual ensemble members 
affirm that data uncertainties play a much smaller role than 
the NAO in controlling the Saharan temperature interannual 
variability.

3.3 � Regional‑scale teleconnection patterns 
during the satellite era

In this subsection we use the ERA5 reanalysis dataset for 
the period 1979–2022 to examine the three‑dimensional 
structure of the NAO teleconnection over the Sahara and 
surrounding areas by focusing on six key variables in the 
troposphere: GPH, specific humidity (q), temperature (T), 
and the three wind components (u, v, and ω). Note that the 
average standardized NAOI from the two indices (NCAR 
and NOAA) is used to represent the observed NAOI here.

First, we analyze the spatial patterns of circulation anom-
alies, as well as T and q anomalies, associated with the NAO 
phases. The SLP and the GPH at 850 hPa (GPH at 500 hPa 
and 300 hPa) exhibit similar correlation patterns (Fig. 4), 
so that SLP (GPH at 300 hPa) will be used to illustrate the 
spatial features at the surface (in the upper troposphere) in 
the remainder of this paper.

Figure 9a, b illustrate the spatial patterns of climatologi-
cal circulation patterns at the surface and 300 hPa, respec-
tively, over the Sahara and surrounding areas, so that the 
composite anomalies shown hereafter over this region may 
be placed in proper context. At the surface (Fig. 9a), the sub-
tropical Azores High is centered at 35ºN, 28ºW and extends 
over much of the Sahara, with clockwise flow around the 
subtropical anticyclone. Correspondingly, the northeast 
trade winds dominate much of northern Africa. The Azores 
High is replaced by a ridge over the subtropical North Atlan-
tic at 300 hPa (Fig. 9b), where strong westerlies dominate 
latitudes spanning 10ºN–60ºN.

Figure  9c, d show the spatial patterns of composite 
anomalies in wind at the surface and SLP, and in wind and 
GPH at 300 hPa, respectively, for the NAO−. Evidently, 
a cyclonic wind anomaly field accompanied by a negative 
SLP/GPH anomaly field weakens the anticyclonic flow 
centered over the Azores High in the climatology plot at the 
surface and in the upper troposphere. Negative anomalies 
in SLP in Fig. 9c create southwesterly wind anomalies over 
the entire Sahara at the surface, while positive anomalies in 
GPH in Fig. 9d create northeasterly wind anomalies over 
the southern and eastern portions of the Sahara in the upper 
troposphere.

Figure 9e, f show the spatial patterns of composite anom-
alies in wind at the surface and SLP, and in wind and GPH at 
300 hPa, respectively, for the NAO+. In contrast to Fig. 9c, 
d, an anticyclonic wind anomaly field accompanied by a pos-
itive SLP/GPH anomaly field strengthens the anticyclonic 
flow centered over the Azores High in the climatology at 
the surface and in the upper troposphere. Positive anomalies 
in SLP in Fig. 9e create northeasterly wind anomalies over 
the entire Sahara at the surface, while negative anomalies in 
GPH in Fig. 9f create southwesterly wind anomalies over 
the southern and eastern portions of the desert in the upper 
troposphere.

The composite anomalies in SLP are statistically 
significant (p < 0.10) based on Monte Carlo simulation over 
almost the entire domain including the Sahara for both NAO 
phases (Fig. 9c, e). Interestingly, the composite anomalies in 
GPH are statistically significant (p < 0.10) over much of the 
study domain including the Sahara for the NAO− (Fig. 9d), 
but only over the northern Atlantic Ocean, Europe and the 
northwestern Sahara for the NAO+ (Fig. 9f). This spatial 
asymmetry in the composite anomalies between the two 
NAO phases is only evident at 300 hPa, not at the surface.

Figure 10 displays the spatial patterns of climatology and 
composite anomalies of q and T at the surface and 300 hPa 
for the NAO− and NAO+ over the Sahara and surrounding 
areas. Note that, as expected, the climatology and composite 
anomalies of q at 300 hPa are very small, but are shown to 
be consistent with corresponding surface plots and not con-
sidered in the following discussion of Fig. 10. For the sur-
face climatology (Fig. 10a), north–south and land–sea ther-
mal contrasts are evident, particularly in middle latitudes, 
with the Sahara bordering warmer and moister air over the 
North Atlantic Ocean to the west and colder and drier air 
over higher latitudes to the north. For the NAO− (Fig. 10c), 
cold and dry anomalies are seen over southern Europe and 
the subtropical North Atlantic where the Azores High is 
centered, while warm and moist anomalies are seen over 
the tropical North Atlantic, northern Africa, and the Middle 
East. In general, most of the surface T anomalies > 0.35 ºC 
or < − 0.35 ºC, which cover the entire Sahara and Europe for 
both NAO phases, and the tropical and subtropical northern 
Atlantic (tropical and subpolar northern Atlantic) for the 
NAO− (NAO+), are statistically significant (p < 0.10). For 
the climatology at 300 hPa (Fig. 10b), the land–sea ther-
mal contrast is much weaker but the north–south tempera-
ture gradient is more visible than in the climatology at the 
surface (Fig. 10a). For the NAO− at 300 hPa (Fig. 10d), 
cold anomalies are seen over much of the middle latitudes 
extending to the subtropical North Atlantic where the Azores 
High is centered, but to the south of the Azores High warm 
anomalies are seen from the North Atlantic between 15ºN 
and 30ºN to the northwestern Sahara. Cold anomalies also 
are seen at 300 hPa from the eastern Sahara to the Middle 
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East between 20ºN and 35ºN and between 15°E and 50°E. 
As expected, the NAO− (Fig. 10c, d) exhibits opposite-
signed anomaly patterns from the NAO+ (Fig. 10e, f) for 
T and q at the surface and T at 300 hPa. At the surface, the 
large positive and negative anomalies in T and q exhibit a 
southwest–northeast-oriented configuration and are confined 
to much of the Sahara (Fig. 10c, e). At 300 hPa, the large 
positive and negative anomalies in T also exhibit a south-
west–northeast-oriented configuration but are confined to 
the northwestern Sahara (Fig. 10d, f). In general, most of 
the 300 hPa T anomalies > 0.45 ºC or < − 0.45 ºC, which 
cover much of middle latitudes (40ºN–60ºN), the northwest-
ern Sahara, and the subtropical Northern Atlantic for both 
NAO phases, are statistically significant (p < 0.10).

Next, we examine the vertical structure of several key 
variables associated with the NAO averaged over the inner 
domain of the Sahara Desert (20ºN–30ºN, 15ºW–35ºE) to 
highlight the regional mean features.

Figure 11 shows vertical profiles of correlations for the 
NAOI and STI with the regional mean anomalies in GPH, q, 
T, u, v, and ω averaged over the inner domain of the Sahara. 
The NAOI–GPH correlation changes sign with pressure 
from the lower to upper troposphere, with statistically signif-
icant positive (negative) correlations from 1000 to 850 hPa 
(500 to 200 hPa) (Fig. 11a), while the NAOI correlates nega-
tively with q through the troposphere (Fig. 11b) and with T 
throughout most of the troposphere (Fig. 11c). The NAOI 
correlations with q (T) decrease in magnitude with decreas-
ing pressure and are mostly statistically insignificant (signifi-
cant). Like GPH, u and v show opposite-signed correlations 
from the lower to upper troposphere. The NAOI is associated 
with negative (positive) correlations below (above) 450 hPa 
in u (Fig. 11d) and below (above) 600 hPa in v (Fig. 11e), 
and most of the correlations are large and statistically sig-
nificant only in the lower and upper troposphere. Like q, 
the NAOI correlation with ω is relatively small and mostly 

Fig. 9   Spatial patterns of a 
climatological wind (vector, 
m s−1) at the surface and SLP 
(shading, hPa) and b climato-
logical wind (vector, m s−1) and 
GPH (shading, m) at 300 hPa 
for the period 1979–2022 over 
the Sahara and surrounding 
regions from the ERA5. Panels 
c and d are the same as a and 
b except for the composite 
anomalies during the NAO−. 
Panels e and f are the same as 
c and d except for the com-
posite anomalies during the 
NAO+. Stippling (with green 
cross symbol) indicates that 
the composite anomaly in SLP/
GPH is statistically significant 
(p < 0.10) based on Monte Carlo 
simulation. The green rectangle 
(20°N–30°N, 15°W–35°E) 
depicted in Fig. 9b represents 
the inner domain of the Sahara 
Desert where regional mean 
quantities are calculated



	 L. Zhou et al.

1 3

statistically insignificant (Fig. 11f). As expected, the NAOI 
and STI exhibit opposite-signed correlations with these six 
variables, although the vertical distributions of statistical 
significance of the correlations differ to some extent.

Figure 12 shows vertical profiles of regional mean com-
posite anomalies in GPH, q, T, u, v, and ω averaged over the 
inner domain of the Sahara for the NAO− and NAO+. The 
NAO− is associated with negative (positive) GPH anoma-
lies below (above) 700 hPa (Fig. 12a), positive (negative) q 
anomalies below (above) 600 hPa (Fig. 10b), and positive 
(negative) T anomalies below (above) 300 hPa (Fig. 12c). 
The anomalies in GPH have a bottom-heavy vertical profile 
with two maxima at 1000 hPa and 200 hPa, and the anoma-
lies in q and T exhibit a bottom-heavy vertical structure, with 
the largest anomalies at 1000 hPa. Like GPH, u and v show 
opposite-signed anomalies from the lower to upper tropo-
sphere. The NAO− is associated with positive (negative) 

anomalies below (above) 550 hPa in u (Fig. 12d) and below 
(above) 700 hPa in v (Fig. 12e), corresponding to southwest-
erly (northeasterly) wind anomalies below 700 hPa (above 
550 hPa). In contrast, the NAO+ exhibits opposite-signed 
anomalies in GPH, q, T, u, and v from the NAO−. The ω 
anomalies are negative (positive) below 550 hPa (between 
550 and 200 hPa) for the NAO− and positive throughout 
the troposphere for the NAO+ (Fig. 12f), with the largest ω 
anomalies in the lower-to-middle troposphere. In general, 
despite some small differences, the vertical distributions of 
statistical significance (p < 0.10) of the composite anomalies 
for each variable are broadly similar to the vertical distribu-
tions of statistical significance (p < 0.05) of correlations in 
Fig. 11.

Figure  13 shows vertical profiles of regional mean 
absolute values for the three wind components (u, v, and 
ω) averaged over the inner domain of the Sahara for the 

Fig. 10   Spatial patterns of 
climatology (top two panels) 
and composite anomalies (lower 
four panels) of specific humid-
ity (q, contour in green, g kg−1) 
and temperature (T, shading, 
ºC) at a, c, and e the surface 
and b, d, and f 300 hPa for the 
NAO− c and d and NAO+ e 
and f over the Sahara and 
surrounding regions from the 
ERA5. Stippling (with yellow 
cross symbol) indicates that the 
composite anomaly in T is sta-
tistically significant (p < 0.10) 
based on Monte Carlo simula-
tion. Note that the climatology 
and composite anomalies of q at 
300 hPa are very small but are 
shown for visual comparison 
with the corresponding surface 
plots. The black rectangle 
(20°N–30°N, 15°W–35°E) 
depicted in Fig. 10b represents 
the inner domain of the Sahara 
Desert where regional mean 
quantities are calculated
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climatology and the composites of the NAO− and NAO+. 
It aims to provide the magnitude of wind anomalies rela-
tive to the climatological wind values. The climatological 
mean flow consists of weak northeasterlies near the surface 
and transitions into strong westerlies with a weak southerly 
flow in the upper troposphere (Fig. 13a, b). As expected, the 
climatological large-scale subsidence is widespread across 
the Sahara (Fig. 13c). A major feature in the upper atmos-
phere is the subtropical jet stream for the zonal mean wind 
with the maximum speed of 40.9 m s−1 centered around 
200 hPa (Fig. 13a) and the southerly wind for the meridi-
onal mean wind with the maximum speed of 4.4 m s−1 at 
200 hPa (Fig. 13b). In contrast, the wind speed is much 
weaker in the lower troposphere and near the surface. Rela-
tive to the climatology, the u composites indicate weaker 
easterly (westerly) wind in the lower (upper) troposphere for 
the NAO− and stronger easterly (westerly) wind in the lower 
(upper) troposphere for the NAO+ (Fig. 13a), with the com-
posite anomalies below 800 hPa for both NAO phases and 
between 300 and 200 hPa for the NAO− being statistically 
significant (p < 0.10); the v composites show weaker north-
erly (southerly) wind in the lower (upper) troposphere for the 
NAO− and stronger northerly (southerly) wind in the lower 
(upper) troposphere for the NAO+ (Fig. 13b), with almost all 

of these composite anomalies being statistically significant 
(p < 0.10). For the ω composites, relative to the climatology, 
subsidence is slightly enhanced through the troposphere for 
the NAO+ , while it is slightly weakened between 550 and 
925 hPa and enhanced between 550 and 200 hPa (Fig. 13c). 
The ω anomalies below 500 hPa and above 200 hPa for the 
NAO+ are statistically significant (p < 0.10), while the ω 
anomalies for the NAO− are insignificant (p > 0.10) for all 
layers except 100 hPa.

It is worth noting that the upper-tropospheric anomalies 
(Figs. 11, 12, 13) may have stratospheric links as there 
is a strong dynamic coupling between the stratospheric 
and tropospheric circulations (e.g., Hurrell et  al. 2003; 
Thompson et al. 2003; Pinto and Raible 2012; Nigam and 
Baxter 2015). As the focus of this study is on the troposphere 
and so this connection will not be explored here.

The results in this subsection indicate that the NAO tel-
econnection is significantly linked with the large-scale circu-
lation anomalies in the troposphere over the Sahara and its 
surrounding areas. The composite analysis reveals clearly 
opposite-signed changes in GPH, u, and v from the lower 
to upper troposphere over the Sahara (Figs. 11, 12, 13). The 
NAO− (NAO+) exhibits warmer and moister (colder and 
drier) air than normal in the lower troposphere, southwesterly 

Fig. 11   Vertical profiles of 
correlation for the NAOI (in 
red) and observed STI (in green; 
Fig. 3) with the regional mean 
anomalies in a GPH, b q, c T, 
d u, e v, and f ω, averaged over 
the inner domain of the Sahara 
Desert (20ºN–30ºN, 15ºW–
35ºE) for the period 1979–2020 
from the ERA5. The correla-
tions (in circle) are statistically 
significant (p < 0.05)
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(northeasterly) wind anomalies in the lower troposphere and 
northeasterly (southwesterly) wind anomalies in the upper 
troposphere (Figs. 9, 10), and slightly weaker (stronger) sub-
sidence anomaly between 925 and 550 hPa (Figs. 11, 12, 13). 
In particular, during the NAO− (NAO+) the southwesterly 
(northeasterly) wind anomalies in the lower troposphere over 
the Sahara help to advect warmer and moister (colder and 
drier) air over the North Atlantic (northern higher latitudes) 
to the Sahara, which may mainly explain the above-normal 

(below-normal) Saharan temperatures (see more discussion 
in next section).

3.4 � Possible mechanisms of NAO impacts 
on the Saharan temperatures

Past studies have concluded that SAT anomaly patterns for 
both positive and negative NAO phases are mainly driven by 
horizontal temperature advection (e.g., van Loon and Rogers 
1978; Rogers and van Loon 1979; Wallace and Gutzler 1981; 

Fig. 12   Vertical profiles of 
regional mean composite 
anomalies in a GPH, b q, c T, 
d u, e v, and f ω, averaged over 
the inner domain of the Sahara 
Desert (20ºN–30ºN, 15ºW–
35ºE) for the NAO− (in green) 
and NAO+ (in red) from the 
ERA5. The composite anomaly 
(in circle) is statistically signifi-
cant (p < 0.10) based on Monte 
Carlo simulation

Fig. 13   Vertical profiles of 
regional mean absolute values 
for the wind component in 
a u, b v, and c ω, averaged 
over the inner domain of the 
Sahara Desert (20ºN–30ºN, 
15ºW–35ºE) for the long-term 
climatology (in black) and the 
composites of NAO− (in green) 
and NAO+ (in red) from the 
ERA5. The composite value (in 
circle) is statistically significant 
(p < 0.10) from the climatology 
based on Monte Carlo simula-
tion
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Watanabe 2004; Woollings et al. 2008; Hurrell et al. 2003; 
Nigam and Baxter 2015). To attribute the NAO impacts 
on both surface and atmospheric temperature anomalies, 
Clark and Feldstein (2020a, b) conducted a comprehensive 
composite analysis of the thermodynamic energy equation 
over the NH using ERA-Interim reanalysis, and included a 
detailed analysis of all major heating processes over four 
selected regions, including northern Africa. By combining 
their analyses with our results presented in previous sec-
tions, the major physical mechanisms in explaining the NAO 
impacts on the Saharan surface and tropospheric tempera-
tures are synthesized as follows. In the lower troposphere 
and near the surface where climatological wind speeds are 
small, but the anomaly winds are relatively large in magni-
tude (Figs. 9, 12, 13), advection of climatological warm and 
moist (cold and dry) air over the North Atlantic (northern 
higher latitudes) by the anomalous southwesterly (northeast-
erly) wind result in above-normal (below-normal) tempera-
tures over the Sahara during the NAO− (NAO+) (Figs. 10, 
12, 13). In the upper troposphere where climatological wind 
speeds are large but anomalous northeasterly (southwest-
erly) winds are relatively small in magnitude (Figs. 9, 12, 
13), the anomalous North Atlantic warm (cold) air advected 
by climatological strong westerlies explain well the warm-
ing (cooling) over the Sahara during the NAO− (NAO+) 

(Figs. 10, 12, 13). Such advection mechanisms are illustrated 
in the schematic of Fig. 14.

Beside the aforementioned advection mechanisms, 
the diabatic heating term associated with turbulence is 
expected to impact the Saharan interannual temperature 
variability as well. Over the arid subtropic deserts, the 
vertical turbulent mixing in the atmospheric boundary layer 
(PBL) is typically much stronger than other regions because 
more surface sensible heat flux is available to drive vertical 
mixing due to less surface moisture and higher Bowen ratio 
(Zhou 2021; Zhou et al. 2021). At the surface where the 
NAO’s footprint on temperature maximizes, above-normal 
(below-normal) temperatures during the NAO− (NAO+) 
will enhance (weaken) turbulent mixing and modify vertical 
turbulent heat transfer over the Sahara where the strength of 
vertical mixing is significantly positively correlated with the 
magnitude of surface heating (Zhou et al. 2021; Zhou 2021). 
As quantified by Clark and Feldstein (2020a, b), this diabatic 
heating term mainly opposes the horizontal temperature 
advection in the lower troposphere over the Sahara.

The Sahara is formed in the subtropical subsiding branch 
of the Hadley cells and so generally associated with large-
scale subsidence with dry and cloudless weather conditions 
(Zhou 2021). Enhanced (weakened) subsidence will result 
in above-normal (below-normal) adiabatic warming over 
the Sahara. Possibly, the adiabatic heating term associated 

Fig. 14   Schematic of mechanisms of NAO impacts on the Saharan 
interannual temperature anomalies at a, b 300 hPa and c, d the sur-
face for a, c NAO− and b, d NAO+. Shading represents a, b compos-

ite air temperature anomalies (ºC) and c, d climatological SSTs (ºC) 
over the North Atlantic
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with subsidence might influence the Saharan interannual 
temperature variability. The subsidence over the Sahara is 
weakened (enhanced) slightly in the lower-to-middle tropo-
sphere during the NAO− (NAO+) but the changes in ω are 
small in magnitude and mostly statistically insignificant, 
particularly in the lowest troposphere and near the surface 
where the NAO-induced temperature changes are largest 
(Figs. 11, 12, 13). These changes in ω would result in a 
weak anomalous adiabatic warming/cooling term opposite in 
sign with the observed temperature anomaly, consistent with 
the conclusions in Clark and Feldstein (2020b; their Fig. 3). 
This implies that the adiabatic term has a limited impact on 
interannual variability of Saharan temperatures.

Recent studies have documented amplified warming on 
SAT due to enhanced downward longwave radiation associ-
ated with increased moisture content in a warming climate 
over the Sahara, where the air is very dry and thus extremely 
sensitive to changes of water vapor (Cook and Vizy 2015; 
Zhou et al. 2015, 2016; Zhou 2016; Vizy and Cook 2017; 
Evan et al. 2015; Wei et al. 2017). Similarly, interannual var-
iations in atmospheric water vapor could modify the lower 
tropospheric temperatures via the greenhouse effects of 
water vapor. Figure 15 shows the spatial patterns of compos-
ite anomalies in the vertically integrated moisture flux and 
divergence for the NAO− (Fig. 15a) and NAO+ (Fig. 15b). 
The NAO-induced changes in atmospheric moisture con-
tent are very small and statistically insignificant (p < 0.10) 
across the entire Sahara, except for a small portion of the 
northwestern Sahara, consistent with the insignificant cor-
relation between NAOI and q for most pressure layers in 
Fig. 11b. These results suggest that water vapor changes 
associated with the NAO do not contribute significantly to 
downward longwave radiation anomalies over Sahara and 
thus the Saharan interannual temperature variations, consist-
ent with partial radiative perturbation calculations conducted 
over northern Africa for days when the NAO is active (Clark 
and Feldstein 2020b).

In summary, the NAO-induced changes in circulation and 
associated horizontal temperature advection are the domi-
nant contributors to the interannual temperature variability 
over the Sahara. Because the Sahara is extremely arid and 
the vertical turbulent mixing in the PBL depends strongly 
on surface heating (Zhou et al. 2021), the diabatic heat-
ing term of vertical mixing is the second major modulator 
to this temperature variability by opposing the horizontal 
temperature advection in the lower troposphere, where the 
enhanced (weakened) vertical mixing cools (warms) the 
lower PBL and warms (cools) the upper PBL during the 
NAO− (NAO+). Overall, the small changes in atmospheric 
moisture content and subsidence have a much smaller role 
in modifying the Saharan temperatures than the dominant 
effects of horizontal temperature advection and vertical mix-
ing (Clark and Feldstein 2020a, b).

4 � Conclusions

This paper uses a multidata synthesis approach to examine 
the NAO’s influences on the Saharan temperature variability 
on interannual time scales based on correlation and compos-
ite analyses of multiple long-term observational and reanaly-
sis datasets during boreal winter (DJFM) for the satellite era 
(1979–2022) and much longer periods. It compares the find-
ings from the satellite era to those from several century-long 
observational datasets and account for errors in the forecast 
model and uncertainties in observations and differences 
in construction methods using two century-long ensemble 
reanalyses. It presents evidence for a solid teleconnection 
pattern over the Sahara associated with the NAO in surface 
and tropospheric temperatures and documents some major 
spatial–temporal and vertical characteristics of this pattern 
for both positive and negative NAO phases.

We find that the Saharan temperature anomalies are 
negatively correlated with the NAOI in all datasets and this 
correlation is very strong, consistent, and statistically sig-
nificant, indicating an interannual teleconnection between 
the Saharan temperature and the NAOI. The broadly similar 

Fig. 15   Spatial patterns of composite anomalies in the vertically inte-
grated (from 1000 to 300 hPa) moisture flux (vector, kg m−1 s−1) and 
moisture flux divergence (shading, 10−5  kg  m−2  s−1) for the NAO− 
a and NAO+ b from the ERA5. Stippling (with green cross symbol) 
indicates that the composite anomaly in moisture flux divergence is 
statistically significant (p < 0.10) based on Monte Carlo simulation
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teleconnection patterns between different periods and across 
different datasets and the small ensemble spread among 
individual ensemble members affirm that data uncertainties 
play a much smaller role than the NAO in controlling the 
Saharan temperature variability. Our results indicate that 
the NAO teleconnection is significantly linked with large-
scale circulation anomalies throughout the troposphere over 
the North Atlantic–Sahara sector, where anomalous u and 
v wind components and GPH fields exhibit opposite-signed 
changes with altitude from the lower to upper troposphere. 
During the NAO− (NAO+), above-normal (below-normal) 
temperatures over the Sahara can be mainly explained by 
three major processes: (1) advection of climatological 
warm and moist (cold and dry) air over the North Atlantic 
(northern higher latitudes) by the anomalous southwesterly 
(northeasterly) flow in the lower troposphere; (2) advection 
of anomalous North Atlantic warm (cold) air by the clima-
tological strong westerlies in the middle and upper tropo-
sphere, and (3) strengthened (weakened) turbulent mixing 
and thus vertical heat transfer in the lower troposphere via 
cooling (warming) the lower PBL and warming (cooling) the 
upper PBL. Overall, the NAO-induced anomalies in circu-
lation and associated horizontal temperature advection and 
vertical heat transfer via turbulent mixing mainly explain 
the strong surface and tropospheric temperature anomalies 
during the NAO− and NAO+ over the Sahara.

These results suggest the NAO plays an important role in 
modulating the Saharan interannual temperature variability. 
This work represents the very first comprehensive study 
of the NAO teleconnection patterns over the largest hot 
desert in the world and establish their spatiotemporal 
and vertical features. It allows for a better understanding 
of links between climate variations in the North Atlantic 
Ocean and the interannual temperature variability over the 
Sahara in a statistical framework. The focus of this study 
is the documentation of the NAO impacts on the Saharan 
climate variability, not the establishment of the detailed 
physical mechanisms of cause and effect for such impacts in 
a fully coupled land–ocean-atmosphere system. Identifying 
possible influences of other climate modes such as the Arctic 
Oscillation (AO) (e.g., Watanabe 2004), El Niño–Southern 
Oscillation (ENSO) (e.g., Li and Ruan 2018; Pausata et al. 
2020), Atlantic multidecadal oscillation (AMO) and Pacific 
decadal oscillation (PDO) (e.g., Thomas and Nigam 2017), 
and Indian Ocean Dipole (IOD) (e.g., Yamagata et al. 2004) 
will be explored in future work.

Various teleconnection patterns have been used to explain 
regional anomalous weather and climate. As one of the most 
prominent and recurrent patterns of atmospheric circulation 
variability, the NAO dictates climate variability over much 
of the NH, especially during boreal winter, and its associated 
climate variations have profound environmental, societal, 
economic, and ecological impacts (Hurrell et al. 2003). It 

has been increasingly recognized recently that the Sahara 
has played an important role in the climate system from 
changes in regional atmospheric circulation (e.g., the West 
African monsoon) to remote impacts on far-afield regions, 
such as the equatorial Pacific or the Arctic (Knippertz and 
Todd 2012; Vizy and Cook 2017; Thomas and Nigam 
2017; Pausata et al. 2020; Zhou et al. 2021; Zhou 2021). 
In particular, the Sahara is currently the largest source of 
airborne mineral dust on Earth, and the NAO has a strong 
control on atmospheric export of dust from northern Africa 
(Moulin et al. 1997). The changes in dust load and transport 
in the atmosphere can contribute significantly to regional 
to global climate variability by altering radiation, cloud 
properties, atmospheric and ocean circulations (Pausata et al. 
2020). Hence, understanding teleconnection patterns and 
major processes that control the Saharan climate variability 
is, therefore, of high priority and scientific significance.
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