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ABSTRACT

Representing the West African monsoon (WAM) is a major challenge in climate modeling because of

the complex interaction between local and large-scale mechanisms. This study focuses on the represen-

tation of a key aspect of West African climate, namely the Saharan heat low (SHL), in 22 global climate

models from phase 5 of the Coupled Model Intercomparison Project (CMIP5) multimodel dataset.

Comparison of the CMIP5 simulations with reanalyses shows large biases in the strength and location of

the mean SHL. CMIP5 models tend to develop weaker climatological heat lows than the reanalyses and

place them too far southwest. Models that place the climatological heat low farther to the north produce

more mean precipitation across the Sahel, while models that place the heat low farther to the east produce

stronger African easterly wave (AEW) activity. These mean-state biases are seen in model ensembles

with both coupled and fixed sea surface temperatures (SSTs). The importance of SSTs on West African

climate variability is well documented, but this research suggests SSTs are secondary to atmospheric

biases for understanding the climatological SHL bias. SHL biases are correlated across the models to

local radiative terms, large-scale tropical precipitation, and large-scale pressure and wind across the

Atlantic, suggesting that local mechanisms that control the SHL may be connected to climate model

biases at a much larger scale.

1. Background

The Sahel region of West Africa, located between

the dry Sahara Desert to the north and the moist

savannah to the south, is characterized by a wet season,

known as the West African monsoon (WAM), and a

dry season with a period of sharp transition between

them. The Sahel receives most of its annual rainfall

between May and October, and it is this summer pre-

cipitation that provides those who live in the region

with the water needed for agriculture and their well-

being. Devastating droughts across the Sahel in the

1970s and 1980s raised interest in observing and mod-

eling West African climate (Nicholson 2013). Pro-

jections of Sahel precipitation through the twenty-first

century are inconsistent across different climate models,

some even showing opposite trends (Biasutti et al. 2006,

2009; Monerie et al. 2012, 2013; Park et al. 2015). Un-

derstanding why climate models produce different be-

havior in this region is still an open question.

Several studies have emphasized the importance of

sea surface temperature (SST) on the variability in Sahel

rainfall at time scales from intraseasonal to interdecadal

(Folland et al. 1986; Giannini et al. 2003; Haarsma et al.

2005; Held et al. 2005; Ndiaye et al. 2011; Giannini et al.

2013; Rodríguez-Fonseca et al. 2015). WAM variability

and change are also forced from the north, through

variation in a semistationary heat low (theWest African

heat low) that forms over the warm regions of West

Africa (Biasutti et al. 2009; Evan et al. 2015).

The West African heat low is a region of low surface

pressure that develops in the summer associated with

seasonal high surface temperatures and insolation over

West Africa. The position of theWest African heat low

has a strong seasonal variation: north–south owing to
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the seasonal cycle of insolation and east–west owing to

complicated orographic forcing (Lavaysse et al. 2009;

Drobinski et al. 2005). The location of the low during

May through September in the reanalysis can be

seen in Fig. 1 in the thick black contours. During the

boreal summer, the low deepens over the western Sahara

as a result of extreme surface temperatures (Lavaysse

et al. 2009) and is referred to as the Saharan heat low

(SHL). In this paper we focus on the boreal summer and

hence refer to the heat low as the SHL even during the

transitional periods as it moves in and out of the Sahara.

The SHLplays an important role in the circulation over

West Africa, where it is associated with the low-level

cyclonic circulation that brings moisture into the Sahel

region from the Atlantic Ocean and produces low-level

convergence between the Sahara and Sahel regions. This

moisture convergence helps drive the monsoon (Sultan

and Janicot 2003; Sultan et al. 2003; Ramel et al. 2006;

Hagos andCook 2007).Above the low-level circulation, a

midlevel anticyclonic wind flows into the temperature-

gradient-driven African easterly jet (AEJ) around the

southern boundary of the low. Within the AEJ, African

easterly waves (AEWs) develop from instabilities asso-

ciated with latent heat release and convection and are

sustained by the energy they extract from the zonal jet

(Hsieh and Cook 2008; Thorncroft and Blackburn 1999).

The SHL has been studied extensively in reanalyses.

Lavaysse et al. (2009) developed a 35-yr climatology of

the SHL using the ERA-40 reanalysis, detailed its sea-

sonal migration and variability, and showed that its cir-

culation was related to monsoon onset. Other studies

revealed that variability in the SHL, on time scales

ranging from synoptic to interannual, can affect the onset,

temporal evolution, and strength of the WAM (Evan

et al. 2015; Chauvin et al. 2010; Lavaysse et al. 2010a,b).

Processes that influence the SHL strength and location in

the reanalyses include the import of temperature, mois-

ture, and dust into the western Sahara. Midlatitude waves

inject cool extratropical air into the Sahara, affecting the

Saharan temperature and SHL strength (Vizy and Cook

2009; Chauvin et al. 2010; Lavaysse et al. 2010a; Roehrig

et al. 2011). Atmospheric circulation patterns can bring

dust (Lavaysse et al. 2011; Engelstaedter et al. 2015) and

moisture (Evan et al. 2015) into the Saharan region, which

can also alter the local radiative budget, warm or cool the

surface, and lead to fluctuations in the SHL strength.

Understanding how the SHL is represented in climate

models has been relatively unexplored. Model pro-

jections using phase 3 of the Coupled Model In-

tercomparison Project (CMIP3) showed that the trend

in future Sahel rainfall is closely related to the intensity

of the SHL (Biasutti et al. 2009); however, the spatial

structure of the climatological model SHL was not in-

vestigated. Lavaysse et al. (2015) analyzed model rep-

resentations of the daily variance in SHL on a variety of

intraseasonal time scales to study how models produce

FIG. 1. (top) CMIP and (bottom) AMIP ensemble monthly mean bias color shading with the ERA-I monthly average heat low occurrence

frequency (black contourswith occurrence frequencies of 0.7, 0.8, and 0.9). These frequencies represent howoften the detection algorithm locates

the heat low in each grid box. The biases are computed by subtracting the model ensemble mean occurrence frequency from the reanalysis

occurrence frequency.
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the pulsations in the SHL connected with recent trends

inWest African climate. They found large discrepancies

in the spatial and temporal evolution of the SHL be-

tween reanalyses and the model ensemble and showed

that the climate models exhibited a wide range of in-

teractions between the WAM and the SHL.

In this paper, we focus on the climatological strength

and location of the SHL in CMIP5 models. We will show

that climate models suffer from significant SHL biases,

that these biases are connected with other features of

West African climate, and that they are forced primarily

by atmospheric or land mechanisms. The remainder of

our paper is organized as follows. Section 2 outlines the

reanalysis and GCM data used in the study, describes

the detection method for locating the SHL, and de-

scribes how indices were generated for several key fea-

tures of West African climate. Section 3 identifies the

SHL bias in CMIP5 models and details the relationships

between the indices describing the SHL bias and West

African climate. In section 4, we show how the indices

are related to atmospheric structures on several differ-

ent spatial scales. Section 5 discusses our results and

proposes a few hypotheses on the origin of the SHL

biases. Our conclusions can be found in section 6.

2. Models and methods

Here we describe the model data and reanalysis

products used in this study and how they are used to

quantify the SHL location and strength.

a. Reanalyses and CMIP5 models

We know that the reanalyses are not ideal, as they are

mixtures of sparse, in situ observations and imperfect

numerical simulations; however, they are the best option

to establish the climatology of this region. This study

uses ERA-Interim (ERA-I) (Dee et al. 2011), MERRA

(Rienecker et al. 2011), and JRA-55 (Kobayashi et al.

2015) because of their ability to reproduce climatologi-

cal WAM precipitation (Vellinga et al. 2013). ERA-I

and MERRA are also consistent with the directly ob-

served Saharan surface temperature trends between

1979 and 2012 (Cook and Vizy 2015). This study uses 30

years of reanalysis output from the period 1979–2008.

We include CFSR (Saha et al. 2010) in the supple-

mental material (Figs. S2–S4) but choose not to dis-

cuss it further because of its documented biases in

regional rainfall (Lorenz and Kunstmann 2012; Janiga

and Thorncroft 2013; Roberts et al. 2015).

We compare 22 GCMs with the reanalyses to

determine how different models represent the SHL.

The 22 GCMs come from the World Climate Re-

search Programme’s phase 5 of the Coupled Model

Intercomparison Project (CMIP5) multimodel dataset

(Taylor et al. 2012). Table 1 lists the models included in

this study. For each model, two sets of historical ex-

periments were analyzed. Coupled runs are forced by

observed atmospheric composition, solar irradiance

fluctuations, and land-use changes and allow an in-

teractive ocean to respond to the forcing. The output

from these simulations will be referred to as the CMIP

ensemble. The other type of experiment retains the

forcings found in the CMIP simulations but fixes the

SSTs to observed values, removing the oceanic response

to atmospheric forcing. This set of experiments will be

referred to as the AMIP ensemble. We chose to look at

the AMIP ensemble in addition to the CMIP ensemble

because the AMIP ensemble removes the variability

associated with the different SST biases. SST variability

has been shown to be strongly connected to variability

in Sahel rainfall. We use 27 years of monthly averaged

CMIP and AMIP data from the period 1979–2005. All

models and reanalyses were linearly interpolated to a

common 1.258 3 1.258 grid for analysis.

b. Heat low detection method

We determine the strength and location of the heat

low in both the reanalyses and the models using the

low-level atmospheric thickness (LLAT) defined by

Lavaysse et al. (2009) as the difference between the

geopotential heights at 700 and 925mb (1mb 5 1 hPa).

This field is computed for the West African region (0–

408N, 208W–308E) each month, and values that exceed a

detection threshold are deemed to be within the heat

low. We define the relative detection threshold to be the

90% level of each month’s cumulative probability dis-

tribution function of LLAT over the region.

The main methodological difference between this

study and the study of Lavaysse et al. (2009) is that we

use monthly data instead of daily 0600 UTC data to

define the heat low, but a comparison of these two

methods using the ERA-40 and ERA-I showed that

this definition of the SHL is robust for the scope of our

study. During the summer months when the heat low is

located over the Sahara (JJA), the monthly LLAT

methodology slightly overestimates occurrence fre-

quencies in the center of the heat low region and

slightly underestimates them around the edge. In bo-

real winter (DJF) the heat low moves southeastward to

central Africa. During this time period, using monthly

LLAT values overestimates the heat low occurrence on

the coast of Cameroon, owing to the importance of

boundary layer processes and the diurnal cycle. These

biases (not shown) do not affect our ability to use

monthly values to define the center of the heat low dur-

ing April through October. Values of the detection
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threshold, representing the heat low strength, are con-

sistent using both methods throughout the entire year.

Applying this heat low detection method to ERA-I,

MERRA, JRA-55, and each of the 22 CMIP and AMIP

models allows us to evaluate the ability of climatemodels

to represent the climatological SHL. The location of the

SHL in the ERA-I is shown in Fig. 1 (open black contours

with occurrence frequencies of 0.7, 0.8, and 0.9) for the

months ofMay through September.MERRAand JRA-55

present similar spatial structures, so they are not shown.

All the reanalyses show the SHL moving from the Sahel

region into the Sahara, where it deepens through July

and August, before following the solar forcing back to

the south at the end of the boreal summer.

c. Indices describing the West African mean state

1) LLAT THRESHOLD INDEX

The LLAT detection method was applied for each

month andmodel in the 27-yrCMIP andAMIPensembles.

For each model, the monthly values of the detection

threshold were averaged together, forming an index de-

scribing the climatological heat low strength. The monthly

mean detection threshold for each model is shown in Fig. 2

for the months of April through October. Also shown in

Fig. 2 is the ERA-I (thick black line), MERRA (thick blue

line), and JRA-55 (thick green line) detection threshold

computed in the same manner. Each thin line represents

the climatological SHL strength (the LLAT detection

threshold) for a single model from the ensemble. The de-

tection threshold is highest in the summer months (JJA),

when the SHL is fully developed over the Sahara. This

index for heat low strengthwill be referred to asLLATTH.

2) SAHARAN GEOPOTENTIAL PERTURBATION

Another way to identify the strength of the SHL is to

compare low-level geopotential heights across the

Saharan region to the heights at the same level over the

entire tropics. Following Biasutti et al. (2009), the 925-mb

geopotential averaged over the Sahara (208–308N, 108W–

358E) is subtracted from the average 925-mb geopotential

across the entire tropics (208S–208N) for each model and

month, to give a climatological index of the regional

monsoon circulation. At low levels and during summer

months, when the heat low is located over the Sahara, it

also describes the strength of the SHL. This geopotential

perturbation index (ZGP; not shown) is computed to

ensure consistency with earlier studies.

3) LLAT NORTH–SOUTH AND EAST–WEST INDEX

To generate indices that describe the location of the

SHL, the LLATmethod is used to generate spatial maps

TABLE 1. Name and description of CMIP5 models used in this study. (Acronym expansions are available online at http://www.ametsoc.

org/PubsAcronymList.)

Model name Institution Atm resolution (lat 3 lon) Vertical levels Model reference

ACCESS1.0 CSIRO–BoM 1.258 3 1.8758 38 Bi et al. (2013)

ACCESS1.3 CSIRO–BoM 1.258 3 1.8758 38 Bi et al. (2013)

BCC_CSM1.1(m) BCC 1.128 3 1.128 26 Wu et al. (2014)

BCC_CSM1.1 BCC 2.88 3 2.88 26 Wu et al. (2014)

BNU-ESM College of Global Change and

Earth System Science (GCESS)

2.88 3 2.88 26 Ji et al. (2014)

CCSM4 NCAR 1.08 3 1.258 26 Gent et al. (2011)

CESM1(CAM5) NSF–DOE–NCAR 1.08 3 1.258 26 Neale et al. (2012)

CMCC-CM CMCC 0.758 3 0.758 31 Scoccimarro et al. (2011)

CNRM-CM5 CMCC 1.48 3 1.48 31 Voldoire et al. (2013)

CSIRO Mk3.6.0 CSIRO–QCCCE 1.8758 3 1.8758 18 Jeffrey et al. (2013)

CanESM2 CCCma 2.88 3 2.88 35 Arora et al. (2011)

FGOALS-g2 LASG–Center for Earth

System Science (CESS)

2.88 3 2.88 26 Li et al. (2013)

GFDL CM3 NOAA/GFDL 2.08 3 2.58 48 Donner et al. (2011)

GISS-E2-R NASA GISS 2.08 3 2.58 40 Kim et al. (2012)

HadGEM2-AO Met Office Hadley Centre (MOHC) 1.258 3 1.88 38 Jones et al. (2011)

INM-CM4.0 Institute of Numerical

Mathematics (INM)

1.58 3 2.08 21 Volodin et al. (2010)

IPSL-CM5A-LR IPSL 1.88 3 3.758 39 Dufresne et al. (2013)

IPSL-CM5B-LR IPSL 1.258 3 2.58 39 Dufresne et al. (2013)

MIROC5 MIROC 1.48 3 1.48 40 Watanabe et al. (2010)

MPI-ESM-LR MPI 1.98 3 1.98 47 Stevens et al. (2013)

MRI-CGCM3 MRI 1.18 3 1.18 48 Yukimoto et al. (2012)

NorESM1-M Norwegian Climate Centre (NCC) 1.98 3 2.58 26 Bentsen et al. (2013)
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similar to the ERA-I occurrence frequency shown in the

black contours in Fig. 1. We use the 27–30 years of

LLAT fields to form a climatology of the SHL occur-

rence for each model and reanalysis. From this clima-

tology, the center of the SHL is determined using an

algorithm that finds the region of highest occurrence

frequency (greater than 0.7 within 08–408N and 208W–

158E) and averages those latitudes and longitudes to a

single coordinate pair. These indices represent the cli-

matological center of the SHL for each calendar month

and each model. Several thresholds and methods were

tested using visual inspection in order to choose the

method that consistently placed the indices at the center

of the SHL. The indices for the latitudinal position of the

SHL (LLATNS), are shown in Fig. 3. The indices for the

ERA-I (thick black line),MERRA (thick blue line), and

FIG. 2. (left) CMIP and (right) AMIPLLATdetection threshold values (m) forApril throughOctober. Each thin

line represents a model from the ensemble (indicated in Fig. 4). The ERA-I (thick black line), MERRA (thick blue

line), JRA-55 (thick green line), and ensemble average (thick dashed red line) LLAT detection thresholds are also

shown for comparison.

FIG. 3. (left) CMIP and (right) AMIP SHL north–south location as defined by the center of maximum LLAT

occurrence frequency forApril throughOctober. Each thin line represents amodel from the ensemble (indicated in

Fig. 4). The ERA-I (thick black line), MERRA (thick blue line), JRA-55 (thick green line), and ensemble average

(thick dashed red line) SHL north–south locations are also shown for comparison.
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JRA-55 (thick green line) agree closely for this index

and peak during July and August when we expect the

SHL to reach its northernmost climatological position.

The indices for the longitudinal position of the SHL

(LLAT EW) are shown in Fig. 4. Both the ERA-I (thick

black line),MERRA (thick blue line), and JRA-55 (thick

green line) place the heat low to the east (positive values

of longitude) inMay and show how the SHLmoves to the

west (negative values of longitude) into the middle of the

summer (JJA) before moving eastward again in Sep-

tember. This analysis was only performed for May

through September owing to a difficulty in tracking the

zonal shift in the low outside of the summer months.

4) SAHEL PRECIPITATION

An index for climatological western Sahel pre-

cipitation (PR index) was generated by averaging the

monthly precipitation for the region 108–208N, 158W–

108E for each month and model. Several precipitation

indices were tested by altering the averaging region,

including varying the longitudinal bounds across the

Sahel and found to produce comparable results. Plots of

this index are not shown as several studies have largely

described this variability (e.g., Vizy et al. 2013).

5) AEW ACTIVITY

AEW activity (AEW index) is measured as the vari-

ance of the dailymeridional wind at 850mb filteredwith a

3–9-day bandpass filter (Fyfe 1999). The index for AEW

activity was constructed by taking the monthly mean of

the filtered daily meridional wind variance over the re-

gion delimited by the latitudes 108–208N and the longi-

tudes 208W–208E for each month and each model. The

models CESM1(CAM5),GISS-E2-R, andHadGEM-AO

did not provide daily meridional wind output and are not

included in theAEWanalysis.We looked at both 850- and

700-mb levels when computing the AEW activity and

chose the 850-mb level to correspond with Fyfe (1999),

although both levels produced a similar signal.

3. The climatological Saharan heat low bias

a. Spatial structure

In Fig. 1, we compare ERA-I and model SHL occur-

rence frequencymaps and show the spatial and temporal

structure of the SHL bias. The shading shows the model

ensemble mean SHL occurrence frequency subtracted

from the ERA-I SHL occurrence frequency. Red colors

represent regions where we detect the SHL more fre-

quently in the climate models than in the reanalysis, and

blue colors represent areas where the models produce

the SHL less frequently than the reanalysis. Similar

structures arise when the ERA-I is replaced with

MERRA or JRA-55.

Both AMIP (Fig. 1, bottom) and CMIP (Fig. 1, top)

models tend to place the SHL farther to the south than

the reanalyses and farther to the west, especially during

the transition months May and September. Although

FIG. 4. As in Fig. 3, but for east–west location as defined by the center of maximumLLAT occurrence frequency for

May through September.
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there are some discrepancies between the two ensembles

(Fig. S1 in the supplemental material), the overall quali-

tative similarities between the biases in Fig. 1 suggest that

SST biases are secondary to atmospheric and/or land

surface mechanisms in explaining the SHL biases that

occur in climate models.

The structures shown in Fig. 1 also show that our

method detects a region of high LLAT occurrence to the

east of the reanalysis SHL, primarily in the CMIP en-

semble. In some models this is a zonal extension of the

primary low, but in other models it is a secondary low,

which forms separately from the traditional SHL. This

tendency for some climatemodels to develop a secondary

low would complicate the low-level circulation. This

secondary low also complicates the algorithm for gener-

ating spatial indices for the SHL location. While this bias

maybe interesting on its own accord, we are careful not to

include it in our index-generating algorithm, by limiting

the eastern edge of the domain, so we can focus on the

bias associated with the traditional SHL.

b. Relationships between the climatological SHL and
West African climate

To assess the importance of SHL bias for other aspects

of the regional climate, we relate the indices for clima-

tological SHL position and strength to the climatologi-

cal indices described in section 2. Specifically, we

correlate the climatological indices across the model

ensemble. As such, correlations in this manuscript de-

pict relationships between different aspects of the

models’ mean states, not internal variability within each

model. This approach of investigating mean-state biases

via diagnosing relationships across the model ensemble

has been used in other studies as well (Delcambre et al.

2013; Langenbrunner et al. 2015).

Figure 5 shows the correlation coefficients (R values)

of the six indices (ZGP, LLAT TH, LLAT NS, LLAT

EW, PR, and AEW) with each other for the months of

May through September, for the CMIP (top) and AMIP

(bottom) simulations. The R values that indicate a sta-

tistically significant result (using the two-tailed Studen’s t

test), at a 95% confidence interval (CI), are shown in

bold. In both the CMIP and AMIP models, many of the

indices are not correlated during May and June, but

when the SHL fully develops over the Sahara, in July

through September, most of the indices show significant

correlations, as shown in Fig. 5. We comment on each of

the index correlations in detail through the remainder

of the section.

The strong similarity between the biases in the AMIP

and CMIP models is readily seen along diagonal ele-

ments in Fig. 6, which shows the cross correlations be-

tween the CMIP and AMIP indices for May through

September. Along the diagonal, we see that each index

correlates very highly (0.7–0.9) with its corresponding

index from the other ensemble. We see strong correla-

tions between CMIP and AMIP models for all months

and indices of West African climate, except for the

LLAT EW index in June. This lack of correlation in

June suggests that SSTs may play a role in the compli-

cated westward transition of the SHL in the beginning

on the summer. June also has the largest occurrence of

FIG. 5. Correlation table of 925-mb Saharan ZGP, LLAT TH, LLAT NS, LLAT EW, western Sahel PR, and AEW activity for May

through September for both (top) CMIP and (bottom) AMIPmodels. Correlation values are rounded to the nearest tenth and multiplied

by 10 to remove the decimal point.
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the secondary low to the east of the SHL region and

occurs more often in the CMIP models than the AMIP

models (Fig. S1), which complicates the analysis of the

LLAT EW index in early boreal summer. The overall

strong correlations (.0.7 for almost all indices) between

the CMIP and corresponding AMIP indices in Fig. 6

(diagonal elements) demonstrate that SST biases do not

play a primary role in the SHL biases. Roehrig et al.

(2013) limited their analysis of the WAM to the AMIP

models to avoid the strong SST biases in the Gulf of

Guinea, but our analysis shows that understanding how

the SHL affects the WAM forcing is not hindered by

SST biases, at least in a multimodel analysis.

The LLAT TH index represents the development of

the climatological SHL. Although both the CMIP and

AMIP ensemble average of the LLAT TH index (red

dotted line in Fig. 2) show the same behavior as the re-

analyses, both ensembles exhibit extreme variability in

the LLATTHvalues, althoughAMIPmodels exhibit less

variability and produce an ensemble average slightly

closer to the reanalysis values than the CMIP models.

Figure 2 shows that many models produce a weaker SHL

than the reanalyses and also have difficulty producing the

proper seasonal evolution of the SHL strength (Fig. S2).

The ZGP index represents a subtly different aspect of

the strength of the monsoon circulation associated with

the SHL. Since the ZGP index involves a difference

between geopotential heights in the SHL region and

over the entire tropics, a mean tropical geopotential

height bias will be removed from the ZGP index. As

expected, the ZGP and LLAT TH indices are strongly,

negatively correlated during July, August, and Sep-

tember (Fig. 5), when the heat low is completely located

over the Sahara, because of the geographical constraint

used when computing ZGP. For the remainder of the

paper, we will focus on the LLAT TH index to describe

the SHL strength, as we are more concerned about the

local representation of the heat low.

Almost all of the AMIP and CMIP models place the

climatological heat low farther south than the reanalyses

(Fig. 3; see also Fig. 1).Weordered both ensembles by the

magnitude of the JJA average LLATNS index and found

that there was no relationship with model resolution. The

AMIP ensemble exhibits less variability and reproduces

the reanalysesmore closely than the CMIPmodels, which

may show some influence of SSTs on the SHL latitudinal

position. However, the LLAT NS index from the CMIP

models is significantly correlatedwith the LLATNS from

the AMIP models (Fig. 6) for the months May through

September, which suggests atmospheric biases are pri-

marily responsible for the inability of models to place the

SHL as far to the north as the reanalyses.

Both CMIP and AMIP models have difficulty repro-

ducing the longitudinal evolution of the SHL shown in

the reanalysis (Fig. 4). AMIP simulations tend to place

the SHL much farther to the west from May to Sep-

tember than the reanalyses. The ensemble average of

the CMIP models matches the reanalysis heat low po-

sition for May through July (although variations are

strong across models), but it places the SHL too far west

in August and September. The two SHL location in-

dices, LLAT NS and LLAT EW, are not strongly cor-

related with each other, suggesting different dynamical

mechanisms are responsible for these biases (Fig. 4).

Instead, strength and latitudinal location are related, in

the sense that models that produce heat lows with a

higher LLATTH also tend to produce heat lows that are

farther northward (Fig. 5), especially during July, Au-

gust, and September. The LLAT TH index does not

appear to be significantly correlated with the LLATEW

index (Fig. 5).

Models that place the SHL farther to the north produce

more precipitation in the Sahel region in both the AMIP

and CMIP simulations during the entire summer (Fig. 5).

This relationship is strongest in the CMIP models, where

the correlation between the north–south position of the

SHL and Sahel precipitation is 0.7 for June through

September. When the SHL is farther to the north, its

circulation pattern is also shifted north, which allows

moisture rich tropical air to be advected farther inland,

resulting in greater precipitation across the area. This

connection between the SHL and moisture will be

FIG. 6. As in Fig. 5, but for correlation between CMIP and AMIP models.
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explored further in section 5. The LLAT EW index ex-

plains very little of the variance in precipitation across

the models.

Models that tend to place the SHL farther to the east

during July, August, and September also have more

AEW activity. Given that AEWs are common seeding

disturbances for tropical cyclones, this relationship may

be important for understanding tropical cyclone devel-

opment in GCMs, as the majority of models actually

place the SHL too far west. The LLAT TH index ex-

plains the most variance in the AEW activity, especially

in the AMIP simulations. The LLAT NS index explains

very little of the variance in the AEW activity across the

models, though the LLAT NS index may result in vari-

ations in AEW location that are not captured by the

AEW index.

In summary, we have seen that both metrics for heat

low strength (LLAT TH and ZGP) are correlated dur-

ing summer months, and the index we have selected for

this analysis, LLAT TH, is correlated with LLAT NS,

Sahel precipitation, and AEW activity. Models tend to

place the SHL too far to the south, which strongly cor-

relates with less Sahel precipitation. The LLAT EW

index is correlated withAEWactivity, especially toward

the end of summer when models tend to place the SHL

too far to the west.

4. Relationship between the model SHL bias and
the large-scale and local climatological bias

In section 3, we identified strong biases in the clima-

tological location of the SHL that were similar in both

AMIP and CMIP models, suggesting that atmospheric

mechanisms are dominant over oceanic ones in pro-

ducing such biases. In this section, we further explore the

relationship between the simulated climatological SHL

and the large-scale circulation and local state of the at-

mosphere across the models. We are interested both in

features that are forced by the SHL and in those that

could force the SHL. Understanding what spatial

structures covary with climatological SHL variability

across the models will allow us to formulate testable

hypotheses on the sources of the apparent bias. Statis-

tical significance is inferred using the Student’s t test on

the correlation, and we discuss only features that are

statistically significant and of sufficiently large scale to

be deemed physical.

a. Local radiative balance and moisture

Since the SHL may be fundamentally driven by sur-

face temperatures and local forcings, understanding the

flux balance local to the Sahara and Sahel may be the

key to understanding how these SHL biases are being

generated. The regression with surface temperature

(Fig. S5 in the supplemental material) does not

indicate a strong relationship between how hot the

Saharan surface is and how well developed or how far

north the SHL is. Instead, it is apparent that the energy

fluxes into the atmosphere are key. Surface turbulent

fluxes play some role in affecting the position or the

depth of the SHL (viz., latent heat fluxes at the northern

edge of the Sahel affect the NS index, and sensible heat

fluxes in the Sahara interior affect the intensity), but

radiative fluxes appear to be dominant. From the

CMIP5 ensemble, we computed radiative budgets at the

surface and top of atmosphere and for the total atmo-

spheric column (derived as net top-of-atmosphere flux

components minus net surface flux components). These

were then regressed across the models onto the SHL

indices. Inspection of the various flux components

(Fig. S6) indicates that column shortwave (SW) ab-

sorption is the largest contributor to changes in the at-

mospheric column heating. JJA SW column absorption

regressed onto both the JJA LLAT TH and NS indices

for both CMIP and AMIP model ensembles is shown in

Fig. 7 (a vertical distribution of SW heating is not

available for analysis). In these plots, the model en-

semblemean is shown in the shading, with the regression

coefficients indicated with the open contours. As shown

in Fig. 7, both CMIP (left) and AMIP (right) show an

increase in SW absorption over the entirety of North

Africa, for both regressions onto LLAT TH (top) and

LLAT NS (bottom). The regression onto the LLAT TH

index is not significant (gray shaded regions denote

statistical significance in Fig. 7) for a large region over

West Africa, with the largest region of increased SW

absorption over the Ethiopian highlands. In contrast,

the regression onto the LLAT NS index shows the

greatest amount of column SW absorption over the

southwestern corner of the SHL region, where we see

the largest SHL bias.

The climatological water vapor concentration also

varies strongly across CMIP5 models and strongly in-

fluences the radiative budget. Figure 8 shows the zonal

cross section of specific humidity averaged from 108W
to 108E regressed onto both the JJA LLAT TH (top)

and NS (bottom) indices. A large increase in low-level

(below 800mb) specific humidity across the Sahel and

Southern Sahara (108–208N) is consistent with the in-

creased precipitation in the Sahel and with the idea that

models that produce heat lows that are stronger and

shifted farther northward generate a circulation that

brings more water vapor into the Sahel region. This is

consistent with Vizy et al. (2013), which showed an

increase in Sahel in climate projections was associated

with a strengthening of the SHL; however, we note that
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the increase in low-level moisture is stronger in the

LLAT NS regressions than in the LLAT TH regressions.

b. Large-scale upper-level wind and sea level pressure

Large-scale biases in climate models may generate the

SHL bias through transport of moisture, dust, and sen-

sible energy into the Saharan region. In this section, we

perform lagged regressions to identify large-scale fea-

tures present before the monsoon season that covary

with SHL biases at the end of the summer.

We begin by looking at SLP across the NorthAtlantic,

as a previous study (Barandiaran and Wang 2014)

identified a teleconnection between Atlantic SLP and

Sahel precipitation in CFSR. When June SLP is re-

gressed onto the August LLAT NS and LLAT TH in-

dices (Fig. 9), both AMIP and CMIP models produce

patterns of high SLP across the central Atlantic around

308N, with low SLP both above 458N and off the west

coast of Africa. This dipole pattern is similar to the

positive phase of the North Atlantic Oscillation (NAO)

(Barnston and Livezey 1987). Although it does not ex-

actly match the canonical or summer NAO (Folland

et al. 2009), we expect it to signify a shift in the upper-

level winds in a similar manner. Models that produce

this climatological pattern in the early summer months

tend to develop a heat low that is stronger and located

farther to the north in subsequent months. This is con-

sistent with the variability study of Folland et al. (2009),

which linked the summer NAO with Sahel rainfall var-

iability. Although SLP distributions are strongly con-

nected to SSTs, the pattern of SLP biases that covary

with the SHL indices is similar in both the AMIP and

CMIP simulations (the amplitude is stronger in the

AMIP ensemble because of the wide range of basic

states in the CMIP models). Thus, we focus on large-

scale atmospheric patterns that covary with SLP and

directly investigate upper-level zonal winds (Delcambre

et al. 2013).

Figure 10 shows a Hovmöller diagram of zonally

averaged 250-mb zonal winds regressed onto the Au-

gust LLAT NS index. We zonally average over 758W–

758E in order to best represent the large-scale wind

structure that could influence North Africa. Themodel

ensemble zonally averaged 250-mb winds are shown in

the shading with the regression coefficients in the open

contours. This analysis was also done for only the

Atlantic region and indices averaged for JJA with

comparable results (not shown). AMIP and CMIP

models that produce the climatological SHL farther to

the north during the summer tend to have stronger,

FIG. 7. JJA column shortwave absorption (Wm22) regressed onto both (top) the JJA LLAT TH and (bottom) the JJA LLAT NS

index for both (left) CMIP and (right) AMIP ensembles as shown by the black contours. The ensemble average column shortwave

absorption is shown by the colored shading. Statistical significance at a 95% confidence interval is indicated by the gray shaded

region.
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farther-northward-shifted 250-mb jets across the

midlatitudes. This is evident mid-March through Oc-

tober but is particularly strong during the transitional

seasons before and after themonsoon, with correlation

coefficients reaching values of 0.7 in June and September.

However, during the summermonths the strongest signal

shifts to the tropics, possibly because outflow from the

monsoon and the anticyclonic upper-level circulation

associated with the SHL are able to increase the strength

of the 250-mb tropical easterly jet.

Spatial patterns of early summer upper-level zonal

winds regressed onto August LLAT NS and August

LLAT TH indicate that a stronger and farther north-

ward SHL, tends to follow a midlatitude jet that extends

farther across theAtlantic in early summer months. This

asynchronous relationship, explored with the lagged

regressions in this section, shows large-scale circulations

present before the onset of the monsoon are connected

with the development of the SHL bias.

c. Precipitation and low-level winds

Finally, we investigate how the SHL indices are

connected with biases in precipitation and winds during

the height of the monsoon season (August). Figure 11

shows the model ensemble mean location of pre-

cipitation in August for the CMIP (top) and AMIP

(bottom) models in the white open contours, with the

model ensemble mean 925-mb winds shown in the gray

vectors. The spatial structures are similar in both July

and September and for the JJA averaged fields and

indices. They are also similar when regressed onto the

LLAT TH index. Across the Sahel, stronger pre-

cipitation is associated with northward-shifted heat

lows as seen in the shading in both AMIP and CMIP

ensembles. This increased precipitation is associated

with the strengthening of westerly winds (shown in the

black vectors), which transport moisture into the re-

gion, corresponding with the increased low-level mois-

ture across the Sahel described earlier.

On a larger scale, across East Africa and India, we see

an increase in precipitation associated with models that

place the SHL farther northward (Fig. 11). Latent

heating and outflow associated with convection and in-

creased tropical precipitation generate stationary Rossby

waves. Regression of JJA 250-mb winds and heights

(Fig. S7 in the supplemental material) onto the JJA

LLAT NS index shows elevated heights and anticyclonic

anomalies west of the convection centers in East Africa

and India, in both AMIP and CMIP ensembles. This

follows the framework of Rodwell and Hoskins (1996);

however, the scale of the generated waves does not ap-

pear to significantly impact West Africa.

The significant connection of the strength and position

of the climatological SHL with precipitation outside

FIG. 8.As in Fig. 7, but for zonally averaged specific humidity (from 108Wto 108E; g kg21). The ensemble average zonally averaged specific

humidity is shown by the shading.
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West Africa may also indicate that the simulation of

the SHL is linked to the broader tropical circulation

and that local biases are related to biases in the simu-

lation of the zonal mean ITCZ and the associated

Hadley cell. In particular, a northern shift of the SHL

is associated with a northern shift of zonal mean

precipitation in the entire sector (see, in the CMIP

simulations, the increased rainfall in India and the

meridional shift in the Atlantic and, in the AMIP

simulations, the more pronounced shift in the Indian

Ocean). The dynamics of the zonal mean ITCZ have

been described in terms of interhemispheric differ-

ences in the atmospheric heat budget and, as an

approximation, the interhemispheric temperature

differences (Frierson et al. 2013; Schneider et al. 2014).

In the CMIP ensemble the JJA LLAT NS index is

correlated with the annual interhemispheric tempera-

ture difference with a correlation coefficient of 0.72

(the relationship is not as apparent in the AMIP en-

semble, in which SST cannot adjust to heat fluxes).

This suggests that biases in the global energy budget

might explain a significant portion of the variance in

the SHL bias in the coupled models.

Finally, the regression of precipitation onto the

LLAT NS index (Fig. 11) indicates a different behav-

ior between the AMIP and CMIP ensembles across the

Atlantic basin. In the CMIP models, a clear northward

ITCZ shift is associated with models that place the

SHL farther northward. These models also show a

relaxation of the trade winds and cross-equatorial flow

across the Atlantic, which resembles the Atlantic

meridional mode (AMM) (Chiang and Vimont 2004).

In contrast, the AMIP ensemble shows an eastward

shift in the precipitation maximum for models that

place the SHL farther to the north, even though the

relaxation of the trade winds remains. We attribute

this to the fact that the SSTs in the AMIP ensemble

cannot respond to the atmospheric forcing. We also

note that the different patterns of rainfall anomaly in

the Atlantic suggest that the climatological position

FIG. 9. June SLP (mb) regressed onto both (top) theAugust LLATTHand (bottom) theAugust LLATNS index for both (left) CMIP and

(right) AMIP ensembles. Regions of statistical significance are demarked by the white contours.
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of the SHL is unlikely to be strongly affected by cir-

culation anomalies directly forced by the Atlantic

marine ITCZ.

5. Discussion

This study is exploratory in nature, with a focus on

describing the SHL bias in CMIP5 models and how cli-

matological aspects of the models covary with the SHL

bias. In this section, we present hypotheses concerning

the mechanisms that create these relationships, though

future work will be needed to test these hypotheses.

a. How does the climatological SHL location and
position in climate models respond to local forcing?

Our analysis of SW heating andmoisture (section 4a)

shows that models with northward SHL biases have

enhanced SW absorption (Fig. 7) and increased low-

level specific humidity (Fig. 8). These moisture anom-

alies extend into the Sahara to around 258N, where

moisture can develop the Saharan water vapor–

temperature (SWAT) feedback described in Evan

et al. (2015). The SWAT feedback operates through the

import of moisture into the region, which generates

more SW absorption and more LW emission and, in

the balance, generates a stronger SHL and further

strengthens the low-level circulation bringing more

moisture into the region.

This low-level moisture signal is only significant be-

tween 108 and around 258N, though, which cannot

completely account for the column SWabsorption signal

we see across the entire Sahara north of 258N. At higher

levels, between 300 and 600mb, the specific humidity

increase extends from 108 to 358N. These upper-level

humidity anomalies might be a consequence of pre-

cipitation anomalies continually fluxing detrained water

vapor from the southern band or transport across the

Mediterranean region as described by Park et al. (2015).

We do not know where in the column the SW absorption

is happening, nor do we fully understand how upper-level

SW absorption, associated with increased moisture,

might alter the SHL and the circulation at lower levels.

Another possibility for the enhanced SW absorption

in Fig. 7 may be changes in aerosol forcing. For example,

FIG. 10. Zonally averaged 250-mb zonal wind (758W–758E; m s21) regressed onto the August LLATNS index for both (top) CMIP and

(bottom) AMIP ensembles during each month of the year along the x axis. the ensemble mean zonally averaged 250-mb zonal wind is

indicated by the color shading. The thick white line represents the ensemble averageLLATNS index value. The regression coefficients are

shown by the solid (positive) and dashed (negative) open contours, with intervals of 0.5m s21. Statistical significance at a 95% confidence

interval is indicated by the gray shaded region.
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an observational study by Lavaysse et al. (2011) showed

the importance of dust on the radiative budget and re-

sulting SHL circulation. CMIP5 models handle dust in

several different ways and have difficulty properly rep-

resenting features of North African dust emission and

transport (Evan et al. 2014). Of the models used in this

study, only half of them output the aerosol fields needed

to investigate how the SHL bias is connected to model

dust representation, so we were unable to look at dust

and aerosol forcing in depth.

b. How might large-scale extratropical dynamics
influence the SHL bias in position and strength?

Transport of moisture and sensible energy by the

midlatitude jet into the northern Sahara has been shown

to influence the SHL on synoptic time scales (Vizy and

Cook 2009; Chauvin et al. 2010; Lavaysse et al. 2010a,b),

which is then reflected in the WAM strength and onset.

For example, Lavaysse et al. (2010b) showed that

extratropical waves can cause the heat low to pulse

on a 14–15-day time scale, as they inject cooler mid-

latitude air into the Saharan region. While these

previous studies focus on synoptic time scales, similar

mechanisms may impact the climatological represen-

tation of the SHL in the CMIP models. We hypothe-

size that northward-shifted storm tracks associated

with the jet are unable to transport as much cool ex-

tratropical air into the Saharan region, allowing for a

deeper SHL to develop. Fully understanding the

mechanisms that allow these large-scale atmospheric

patterns to interact with the SHL will require further

work, but the strong relationship between the mid-

latitude jet and the SHL bias (shown in section 4b)

allows us to hypothesize how shifting storm tracks

could influence the SHL through import of tempera-

ture and moisture.

c. How is the SHL bias connected to the AEJ and
AEW activity?

Increased precipitation across the Sahel (shown in

section 4c) is also associated with surface cooling, which

strengthens the meridional temperature gradient across

the Sahel. We regressedAugust 700-mb zonal winds onto

the August LLAT NS and LLAT TH indices (Fig. S5) to

see how the change in temperature gradient from the

altered hydrological cycle might affect the AEJ. In both

FIG. 11. August 925-mb winds and precipitation regressed onto the August LLAT NS index for both (top) CMIP and (bottom) AMIP

ensembles. Gray vectors indicate the ensemble mean circulation. The black vectors are plotted only where the correlation between the

925-mb wind and the LLAT NS index is .0.43 (95% CI). The color shading shows the regression coefficient for precipitation (kgm22).

The ensemble mean precipitation . 6 3 1025 kg km22 is indicated by the white contours.
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theAMIP andCMIP ensembles,models that produce the

SHL stronger and farther northward, tend to produce a

700-mb AEJ that is stronger and farther northward, in

accordance with the relationship between the meridional

temperature gradient and the AEJ position and strength

described in Cook (1999). The connection between the

SHL bias and the AEJmay explain the connection to the

models’ AEW activity (see the strong correlation be-

tween LLATTHandAEW index in Fig. 5), as the upper-

level anticyclonic flow associated with the SHL helps

generate the AEJ, in which the AEWs are embedded.

d. Are tropical precipitation biases responsible for the
bias in the SHL?

We often consider the precipitation response to the

SHL, the strong correlation between the SHL bias and

an increase in precipitation across the tropics (Fig. 11),

however, might indicate that the SHL bias is forced

through a teleconnection to more remote regions of

precipitation. The increased precipitation to the east of

West Africa, for example, generates stationary Rossby

waves that could warm the Sahara through adiabatic

descent on the southern flank of the midlatitude jet

(Rodwell and Hoskins 1996) and influence the SHL.

However, we do not think this is the case, as the upper-

level anomaly associated with the stationary wave

(Fig. S7) does not extend far enough across Africa.

A teleconnection to the tropical Atlantic mean-state

bias also seems unlikely, as the tropical Atlantic pre-

cipitation structures associated with the SHL bias in the

CMIP and AMIP simulations (Fig. 11) are very different.

The meridional shift we see in the Atlantic ITCZ in the

CMIP models could be forced by the SHL location and

strength, through initiating the wind–evaporation–SST

(WES) feedback (Xie andPhilander 1994) on the east side

of the basin. It is also possible that a large-scale pattern

may be connected with both the ITCZ shifts and the SHL

biases seen in the climate models, with neither the ITCZ

location nor the SHL position directly forcing each other.

The relationships between the SHL bias and the

spatial structures we have identified in this paper could

be the result of serial correlations with a global-scale

bias (e.g., the well-known bias in the global atmospheric

heat budget). The strong agreement of several re-

analyses in the placement of the SHL (Figs. 3 and 4),

even while they disagree about several local aspects of

West African climate, also suggests that local mecha-

nisms might be secondary to global forcings.

6. Conclusions

In this paper, we investigate how model biases in the

strength and position of the climatological SHL are

connected with each other, as well as with other indices

of West African climate and large-scale atmospheric

features. We use the lower-level atmospheric thickness

(LLAT) method of Lavaysse et al. (2009) to define the

SHL position and strength for 22 climate models from

CMIP5 and compare them to reanalyses ERA-I,

MERRA, and JRA-55.We show that themodels tend to

place the SHL farther to the south and farther to the

west than reanalyses. These climatologies of the SHL

indices are similar for coupled (CMIP) and fixed SST

(AMIP) ensembles, suggesting that atmospheric and

land surface mechanisms are primarily responsible for

the biases.

Indices of both strength and position of the SHL are

strongly correlated across the models with several as-

pects of West African climate, showing that they are

useful metrics for exploring climate model biases. The

index for meridional position (LLAT NS) explains a

large amount of variance in the Sahel precipitation

across the models, in the sense that models that simulate

the SHL farther to the north produce more Sahel pre-

cipitation. SHL strength (LLAT TH) is also positively

correlated with Sahel precipitation. The zonal position

(LLAT EW) index is correlated with AEW activity but

not with precipitation.

We investigate both large-scale and local atmospheric

mechanisms via the covariance of climatological pat-

terns with the SHL indices across the ensemble in order

to develop hypotheses on what controls the model SHL

behavior at the climatological scale. Both AMIP and

CMIP models have more column shortwave absorption

across the Sahara and Sahel for stronger and more

northward SHLs. This increased shortwave radiative

absorption balances the increased longwave cooling and

may be explained by the increased specific humidity in

the Sahara associated withmodels that produce the SHL

stronger and farther to the north. On a hemispheric

scale, a positive NAO-like pattern in the Atlantic SLP

and a shift in the regional upper-level jet during the early

monsoon season correlates with SHL strength and lati-

tude later in the monsoon season, suggesting that these

structures may influence West African climate through

the SHL. Across the tropics, we see an increase in

monsoon precipitation associated with a stronger and

farther northward SHL, not just in West Africa but in

India and the Arabian Peninsula as well. Over the

Atlantic, a northward shift in the SHL is accompanied

by a northward shift in the ITCZ in CMIP models

(which allow the ocean to respond to surface forcing).

Although this study is primarily diagnostic in scope, its

results provide guidance for future research on biases in

North African climate. The strong similarity between

biases in the CMIP and AMIP model archives argue, in
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our opinion convincingly, that SST biases are not pri-

marily responsible for biases in the SHL. This is a

somewhat surprising result, as the SHL is understood as

an important mechanism forcing Sahel precipitation,

and many recent studies have emphasized the role of

SSTs in understanding the intraseasonal–interdecadal

variability and trends in Sahel precipitation (Giannini

et al. 2013; Liu et al. 2014; Rodríguez-Fonseca et al.

2015; Park et al. 2015). Yet there is not necessarily a

contradiction, as SST and atmospheric forcings can well

coexist and each explain a sizable, but not dominant,

fraction of the SHL and Sahel rainfall variance. We note

as a relevant aside that other studies have linked

changes in the midlatitude circulation to changes in

tropical and subtropical climate, even independently of

changes in SST (e.g., Previdi and Liepert 2007; Kang

et al. 2011). Furthermore, the strong differences be-

tween the structure of tropical Atlantic precipitation

associated with the SHL bias in the CMIP and AMIP

simulations (Fig. 11) suggest that SHL biases are not a

teleconnected response to tropical Atlantic mean-state

biases. Instead, the strong similarity between the CMIP

and AMIP simulations’ subtropical and midlatitude cir-

culation structures related to the SHL bias (Figs. 9–11)

point toward large-scale atmospheric processes in gen-

erating the SHL bias. Biases in the local column SW

absorption over the SHL region are likely related to

differences in how moisture and dust are represented in

the models, which may in turn be related to biases in the

advective processes associated with midlatitude circula-

tion, or to increased moisture export to the region from

increased Sahel precipitation. These hypotheses should

be tested with additional model experiments.
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